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C H A P T E R 
0 
ING~CT TISSUE CULTURE ; 
REVIEw OF THE LITEhATURE 
, 
1 • 
INTRODUCTION. 
In recent years, following the dramatic success 
of vertebrate tissue culture as a technique in 
animal virus research, there has been increasing 
interest in insect tissue culture as a tool for 
studying viruses which are either pathogenic to 
insects or are carried by insects and are pathogenic 
to animals or plants. There are three main reasons 
for this interest:- (1) it has not been possible to 
determine, except in general terms, the stages in 
the multiplication and development of insect viruses 
or to study the kinetics of virus multiplication, in 
whole larvae or pupae. Although a sequence of stages 
in the multiplication and development of insect viruses 
has been postulated from light - and electron -
microscopic observations of sections of infected tissues 
(Bergold, 1950, 1953, 1958; Smith and Xeros, 1954; 
Smith, 1955, 1959 and Bird, 1957, 1959) there are still 
a large number of gaps to be filled before a detailed 
picture can be obtained. Many of the difficulties in 
this field result from the inability to time accurately 
the developmental stages in whole insects, or the 
absence of adequate techniques for biological assay. 
These difficulties should be solved by application of 
the technique of insect tissue culture to the study of 
2. 
insect virus development. (2) Many insects appear to 
carry within their cells virus in a latent form. In 
many instances a sudden outbreak of disease in 
laboratory stocks could be traced to infection from 
outside sources, but the study of the P-virus in 
Drosophila by L'Heritier (1948, 1951) and Plus (1954, 
1955) and the studies of Aruga (1959, 1960, 1961) and 
Yamafuji (1958, 1959) and Grace (1958) on the poly-
hedrosis viruses, support the idea that insects do 
carry latent viruses. As the problem of latency is of 
prime importance in the study of viruses, the use of 
insect tissue culture could be invaluable in studying 
the phenomenon as it occurs in insects. (3) The role 
of insects as vectors of viruses which cause disease 
in man, animals and plants has been known and studied 
intensively for many years. Although many of these 
viruses multiply in their insect vector practically 
nothing is known of the sites of multiplication or the 
cycle of development of the viruses which multiply in 
the insect hosts. 
If the tissues or cells of these vectors could be 
cultured and subsequently infected there are good reasons 
for believing that a great deal could be learnt about 
the arboviruses and the plant viruses that multiply in 
insects. 
hen animal virologists began to realise fully the 
3. 
great potential of vertebrate tissue culture in 
studying viruses, following the research of Enders 
and his colleagues in 1948, the majority of 
techniques for growing and handling cells in vitro 
had been firmly established. It was therefore a 
comparatively easy task to adapt the techniques for 
virus studies. Unfortunately insect virologists did 
not have this advantage. Although Trager in 1935 
succeeded in demonstra-ting the multiplication of a 
nuclear polyhedrosis virus in cultures of cells from 
the ovaries of the silkworm (Bombyx mori), the 
difficulty of growing insect cells in vitro for more 
than 2-3 weeks and in large numbers precluded their 
use in virus studies. 
HISTORICAL REVIEW OF INSECT TISSUE CULTURE. 
The potential importance of insect cell and tissue 
culture was recognised as early as 1915 when 
Goldschmidt first attempted to ~se Harrison's (1907) 
method of tissue culture to study gametogenesis in 
the testicular cells of a moth. Following these 
studies there were many attempts to culture insect 
tissues and cells which resulted in the maintenance and 
limited growth of cells in primary culture for up to a 
few months. 
4. 
The main reason for this slow progress was 
the lack of an adequate medium in which to grow the 
cells . A great deal of the success in culturing 
mammalian cells can be attributed to the extensive 
knowledge of the biochemistry and physiology of the 
higher animals . The biochemistry of insects has been 
extensively studied only in recent years and what is 
known is based almost exclusively on studies of 
about 15 species . The problem is further complicated 
by the great difference in hemolymph composition, 
not only between insect species but also between stages 
in a single species. For example, the hydrogen ion 
concentration of insect hemolyrnph varies inter-
specifically up to 1 .5 units - between pH 6.0-7.5. 
Intraspecifically it may vary o.7pH units, whi le in man 
the pH varies only 0.1 of a unit. Similarly, the 
osmotic pressure varies interspecifically between 
0 .6-2 . 01 g NaCl/100 ml, while in some species it may 
vary o . 8- 1 .03% from one instar to the next. 
(Martignoni, 1960.) 
Several qualitative analyses of insect hemolymph 
had been made during the 1930 1 s and it was known with 
some certainty what substances were present, but until 
about 14 years ago there were no adequate quantitative 
analyses . This made the formulation of media 
particularly adapted for growing insect cells very 
5. 
difficult. The majority of media used in the early 
studies were either designed for growing vertebrate 
tissues or were simple mixtures of salts which bore 
little, if any, relation to the blood of the insect 
whose tissues were to be cultured. 
In fact, the history of the development of insect 
cell culture can be divided into 3 phases on the basis 
of the media used. Table 1 presents a chronological 
summary of results on insect tissue culture. As the 
number of publications on insect tissue culture has 
increased over the last 10 years, only those results 
which have contributed substantially to the development 
of insect tissue culture are included in Table 1. 
Other publications will be discussed in other parts of 
this thesis. During the first phase the majority of 
workers were not primarily interested in growing 
tissues for long periods. Their main interest was the 
study of gametogenesis and the mechanisms of mitosis 
and meiosis, (Goldschmidt, 1916, _Takakusa, 1924, 
Murray, 1926). These investigations required simple 
media that would maintain survival for a few hours or 
at the longest for several days. The media usually 
consisted of either hemolymph or a simple mixture of 
salts and hemolymph with perhaps a sugar added as an 
energy source. Many interesting phenomena were, and 
will continue to be, discovered from such studies 
(Schmidt and Williams , 1953, Shaw, 1955). 
6. 
In the second phase, it was realized that in 
order to grow insect tissues for long periods the 
medium would have to be complex, and should contain 
all the factors necessary for normal growth. 
Consequently various tissue extracts, from both insects 
and vertebrates, were incorporated in the hope that 
any growth factors present would be available to the 
tissues (Belar, 1929, Kohring, 1930, Pfeiffer, 1942). 
The formulation of these media was still largely 
influenced by knowledge of the composition of 
vertebrate tissue fluids. Even though survival of 
tissues for some days (Hibbard, 1935) and even weeks 
(Trager, 1935) was obtained, there was no significant 
cell growth. 
Although there was a steady advance in knowledge 
of the composition of insect tissue fluids (Buck, 1953) 
during the time of these studies, it is only in the 
past 12 years (the third phase) that this information 
has been used in designing media specifically for 
use in culturing insect tissues. Levenbrook (1950) 
based the composition of a medium for the maintenance 
of larval tissues of the bot-fly (Gastrophilus) on the 
results of the analysis of the blood of the same 
insect. In 1956 Wyatt prepared a solution for culturing 
ovarian tissue of the silkworm(~. mori) by adding 
constituents as they occurred naturally in silkworm 
hemolymph. To this synthetic medium 10% silkworm 
hemolymph had to be added for the cells to grow. 
When this medium was modified by the addition of 
10 members of the vitamin B complex (Grace, 1958a), 
the alteration of the ionic ratios of the salts, the 
addition of 1 sodium bicarbonate and the reduction of 
the hemolymph concentration to 5%, ovarian cells from 
several species of moth could be grown for 6 months 
and the tissues survived for well over 1 year 
(Grace, 1958b). 
The reasons why it was necessary to design an 
insect cell culture medium on the basis of the 
composition of hemolymph will be discussed in Chapter 6. 
The aim of the work presented in this thesis was 
to attempt to establish strains of insect cells in vitro 
which could be grown continuously and in large numbers 
and then to use the cells to study insect viruses. 
The thesis can be divided into three sections. 
Chapter 2 reports the results of an investigation of 
the use by cultured cells of amino acids and sugars in 
the medium. The aim of this investigation was to find 
out what components of the medium were utilized by 
the cells, with a view to making a medium in which cell 
growth could be increased and eventually to devise a 
completely synthetic medium . Much of this work is still 
in a preliminary stage. 
8. 
Chapters 3, 4 and 6 are concerned with t he 
culture of insect cells. In chapter 3 the establishment 
of strains of cells from ovarian tissue of a moth and 
the development of techniques for handling the cells 
are described. Chapter 4 describes the growth of 
silkworm and mosquito cells under in vitro conditions. 
Chapter 6 is a general discussion of insect tissue 
culture. 
The third section of the thesis consists of 
Chapters 5 and 7. In chapter 5 the results of some 
experiments on the growth of an insect virus in cells 
grown in vitro is described and chapter 7 is a gene r al 
discussion on the use of cultured cells for the study 
of insect viruses. 
9. 
T A B L E 1 • 
OUTLINE OF STUDIES ON INSECT TISSUE CULTURE 
1 21 ~ TO 1262 • 
Date Author and Species and Medium Result Reference Tissue 
1915 Goldschmidt cecropia moth hemolymph mitosis and 
spermatocytes gametogenesis 
1916 Goldschmidt cecropia moth hemolymph survival 
spermatocytes 
1916 Lewis grasshopper dilute sea survival 
testes water and 
insect 
extracts 
1916 Lewis & grasshopper Locke's mitosis and 
Robertson spermat_ocytes solution gametogenesis 
plus 
peptone, 
sea water, 
sugar, 
etc. 
1917 Glaser Malacosoma hemolymph, survival and 
hemocytes Locke's multiplication 
solution 
1924 Takakusa cecropia moth pupal survival 
spermatocytes he mo lymph 
1924 Paillot various hemolymph survival 
insects 
1925 Chambers grasshopper hemolymph mitosis 
spermatocytes 
1925 Lazarenko Orictes l_arval mitosis and 
hemocytes hemolymph syncytial 
formation 
1926 Murray cricket diluted sea survival 
ovary water plus 
dextrose 
1928 Frew fly larva treated cell migration 
and imaginal lymph and partial 
discs differentiation 
1929 Belar grasshopper salt mitosis and 
spermatocytes solution gametogenesis 
plus 
dextrose 
Date 
1930 
1930 
1935 
1935 
1937 
1937 
1937 
1938 
1938 
1939 
10. 
TABLE 1 (continued) 
Author and 
Reference 
Charin 
Baumgartner 
& Payne 
Trager 
Hibbard 
Pfeiffer 
Takeda 
Trager 
Trager 
Wermel 
Species and 
Tissue 
butterfly 
wing anlagen 
grasshopper 
spermatocytes 
silkworm 
ovarian 
tissues 
silkworm 
ovariole and 
other tissues 
Corethra 
nerve cells 
firefly 
light organ 
silkworm 
ovarian 
tubule 
mosquito 
imaginal 
discs 
silkworm 
hemocytes 
Gottschewski Drosophila 
& Fischer eye discs 
Medium 
salt 
solutions 
salts, 
sugars, 
hemolymph 
hemolymph, 
chicken 
plasma, 
and 
various 
salt 
solutions 
mammalian 
media plus 
Corethra 
embryo 
extract 
salt 
solutions 
salts, 
sugar, and 
hemolymph 
salt 
solution 
plus plasma 
plus 
albumin 
salt 
solution 
chick 
embryo 
extract, 
chick 
plasma, 
salts & 
amino acids 
Result 
cell migration 
and limited 
multiplication 
partial 
development 
migration and 
mi to sis, 
survival for 
several weeks 
survival for 
more than a 
month 
cell migration 
short-period 
survival 
migration of 
cells, partial 
development of 
Nosema 
parasites 
differentiation 
but no mitosis, 
virus 
multiplication 
differentiation 
and morpho-
genesis 
some morpho-
genetic changes 
Date 
1939 
1940 
1941 
1942 
1943 
1946 
1946 
1946 
1947 
1947 
1948 
1949 
1949 
11 • 
TABLE 1 (continued) 
Author and 
Reference 
Fischer & 
Gottschewski 
Stern 
Gavrilov & 
Cowez 
Pfeiffer 
Pfeiffer 
Carlson 
Millara 
Arvy & 
Gabe 
Lt!scher 
Gaulden & 
Carlson 
Duryee 
Ris 
Schmidt & 
illiams 
Species and 
Tissue 
Drosophila 
blood cells, 
wing and leg 
discs 
Drosophila 
mosquito 
salivary 
glands. and 
gut cells 
Vespa muscles 
Corethra 
nerve tissue 
grasshopper 
neuroblasts 
various spp. 
hemocytes 
Forficula 
hemocytes 
Rhodnius 
epithelial 
cells and 
hemocytes 
grasshopper 
embryos 
grasshopper 
spermatocyte s 
grasshopper 
sperma tocyte s 
silkworm 
spermatocytes 
Medium 
( see 1939, 
Gottschew-
ski & 
Fischer) 
salt 
solution 
chick 
plasma, 
embryo 
extract, 
and 
mosquito 
extract 
vertebrate 
plasma plus 
5% peptone 
salt 
solution 
salts, 
glucose, 
and yolk 
hemolymph 
hemolyrnph 
nymphal 
hemolymph 
salt 
solutions 
salt 
solution 
hemolymph 
hemolymph 
Result 
some mi to sis 
and 
differentiation 
differentiation 
migration and 
mitosis 
cell migration 
survival 
mi to sis 
short-period 
survival 
mitosis and 
survival up 
to 24 hr. 
migration for 
10 days 
short-period 
survival 
gametogenesis 
and cytokinesis 
mitosis and 
gametogenesis 
spermatogene sis 
Date Author and Reference 
1956 Wyatt 
1958a Grace 
1958 b Grace 
1959 
1958 
1959 
Grace 
Martignoni, 
Zitcer & 
Wagner 
Trager 
1961 Jones & 
Cunningham 
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TABLE 1 (continued) 
Species and 
Tissue 
J2_. mori 
ovaries 
B. mori 
-ovaries 
Callosamia 
promethea 
ovarian 
tissue 
Samia 
walkeri 
ovarian 
tissue 
Peridroma 
margaritosa 
epithelical 
cells 
Tsetse fly 
various 
tissues 
Philocamia 
advena 
ovary tissue 
Medium Result 
salts, growth for 
sugars, 2-3 weeks 
amino acids, 
organic 
acids and 
hemolymph 
Wyatt's 
medium+ 
vitamins, 
tissue and 
endocrine 
organ 
extracts 
hemolymph 
Grace 1 s 
modified 
Wyatt's 
medium 
,, 
medium 199 
20% human 
serum 
5.% chick 
embryo 
extract 
salts, 
sugars, 
lactalbumin 
hydrolysate, 
sheep serum 
and tsetse 
fly extract 
growth for 
19 days 
survival and 
growth for 
7 months 
growth for 306 
days survived 
for 55 weeks 
survival for 
4-5 days 
growth and 
differentiation 
lactalbumin growth for 12 
hydrolysate, days 
salts, 
sugar, 
organic 
acids and 
T.C. 
yeastolate 
1 3. 
T A B L E 1 (continued) 
Date Author and Species and Medium Result Reference Tissue 
1960 Horikawa & Dro so12hila amino survival and 
Kuroda blood cells acids, growth for 
sugars, 70 days 
vitamins, 
organic 
acids, 
cholest-
erol 
1960 Medvedeva B. mori Wyatt's some growth 
-ovaries and medium and different-
testes iation of 
testes tissue 
1962 Grace Antheraea Grace's 4 strains of 
eucalr:Qti modified cells 
ovary Wyatt's established 
tissue medium 
C H A P T E R 
T W 0 
THE COMPOSITION OF THE MEDIUM USED IN 
INSECT TISSUE CULTURE . 
14 . 
INTRODUCTION . 
The continuing development of the techniques of 
growing insect cells in vitro has emphasised the 
need for a study of the nutritional requirements of 
cultured insect cells . The media used for growing 
vertebrate cells have received a great deal of 
attention in recent years and due mainly to the studies 
of Morgan , Morton , and Parker (1950) , Parker and 
Healy (1955 ), Eagle (1955) , and McQuilken, Evans and 
Earle (1957), synthetic media are now available in 
which each component has been shown to be essential 
for optimal growth of cultured cells . This is far from 
the situation in insect tissue culture . 
The medium formulated by Wyatt (1956) was the first 
serious attempt to provide insect cells grown in vitro 
with the physical and nutritional requirements comparable 
to those found within the hemolymph of insects. Grace 
(1958a and unpublished observations2modified Wyatt's 
medium and made it possible to develop strains of cells 
from ovarian tis sue of the emperor gum moth (Antheraea 
eucalypti Scott) . 
Because of t he complexity of t he medium (Table 1) a 
study of the changes in its composition after cells had 
grown in it was undertaken to determine which components 
were removed during growth . As it is nece s sary to add 
15 . 
hemolymph to the medium before the cells will grow a 
few preliminary experiments were carried out to see if 
fractions of hemolymph could be found containing the 
essential components . 
This chapter will describe the results of a 
qualitative chromatographic analysis of the amino acids 
and sugars in the medium , both before and after cells had 
grown in it, and in the hemolymph of!• eucalypti pupae. 
Some preliminary experiments on the dialysis of cells 
will also be described . 
A quantitative study of the utilization of the amino 
acids using the Moore and Stein amino acid analyzer 
(undertaken with the co - operation of the Division of 
Protein Chemistry C.S . I . R.O . ) has corroborated the 
resul ts with paper chromatography . A complete quantita-
tive analysis of the used medium has not yet been 
obtained . 
. 
CHROMATOGRAPHIC ANALYSIS OF THE MEDIUM AND HEMOLYMPH 
The Medium 
The medium used in this study was a modification of a 
medium formulated by Wyatt (1956) from an analysis of 
silkworm (Bombyx mori L. ) hemolymph. In this medium which 
also contained 10% heat-treated silkworm hemolymph, cells 
from the ovaries of last stage silkworm larvae grew for 
16. 
3 weeks. Grace (1958a and unpublished observations) 
modified this medium: 
1) by adding 10 members of the vitamin B 
complex, and sodium bicarbonate; 
2) changing the Mg/Ca and Na/K ratios to 
those found in Saturniid hemolymph; 
and 
3) increasing the osmotic pressure of the 
medium to that of!• eucalypti hemolymph 
by increasing tha amount of sucrose; 
and 
4) reducing the concentration of hemolymph 
from 10% to 5%. 
When the culture of!• eucalypti ovarian tissue was 
first begun a series of experiments was carried out in 
which the concentration of!. eucalypti hemolymph added to 
the medium ranged from 50%-1%. The growth of the cells 
was optimal between 10%-5%. At a concentration of 50% the 
cells became granulated after 4-5 days and degenerated. 
At 2% cell growth was very slow and the cells did not 
survive much longer than in medium containing no hemolymph . 
The composition of the medium used is shown in Table 1 
(Grace,1962). 
For the chromatographic analyses, medium was removed 
from cultures of ovarian cells of!• eucalypti at daily 
intervals for 14 days and stored at -21°F until used . 
17. 
TAB L E.l • 
INSECT TISSUE CULTURE MEDIUM (mg/100 ml,) 
Salts 
NaH2Po4 .2H20 
NaHco3 
KCl 
114 
35 
224 
CaC12 (separate) 100 
MgC12 .6H20 228 
MgS04 .7H20 278 
Amino-acids 
L-Arginine-hydro-
chloride 
L-Aspartic acid 
1-Asparagine 
L-Alanine 
~-Alanine 
1-Cystine hydro-
chloride 
L-Glutamic acid 
1-Glutamine 
Glycine 
1-Histidine 
L-Isoleucine 
1-Leucine 
1-Lysine hydro-
chloride • 
1-Methionine 
1-Proline 
1-Phenylalanine 
DL-Serine 
1-Tyrosine 
(dissolved in 
N/1 HCl) 
1-Tryptophan 
1-Threonine 
1-Valine 
70 
35 
35 
22.5 
20 
2.5 
60 
60 
65 
250 
5 
7.5 
62.5 
5 
35 
15 
110 
5 
10 
17.5 
10 
Sugars 
Suero se (in g) 
Fructose 
Glucose 
Organic acids 
Malic acid 
a-Ketoglutaric 
acid 
Succinic acid 
Fumaric acid 
(Neutralize org. 
acids with 
potassium 
hydroxide) 
Antibiotics 
Penicillin 1 G1 
(sod. salt) 
Streptomycin 
sulphate 
Vitamins 
Thiamine hydro-
chloride 
Riboflavin 
Calcium 
pantothenate 
Pyridoxine hydro-
chloride 
p-Arninobenzoic 
acid 
Folic acid 
Niac in 
i-inosi tol 
Biotin 
Choline chloride 
2.668 
4o 
70 
67 
37 
6 
5.5 
3 
10 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.002 
0.001 
0.02 
18. 
Medium in which cells had grown was termed "used 
medium" - (UM) and unused or fresh medium was referred 
to as FM. 
In the early experiments the amino acids and sugars 
were separated by one-dimensional chromatography. In 
later experiments two-dimensional chromatography was used. 
The solvents used and the reagents for colour development 
are given in the Appendix. 
THE EFFECT ON GROWTH OF INSECT CELLS OF OMITTING 
HEMOLYMPH FROM THE MEDIUM 
When cells from either primary cultures or from the 
insect strains are placed in the synthetic part of the 
insect tissue culture medium without any hemolymph, the 
growth rate of the cells drops markedly as evidenced by 
the number of mitotic divisions observed, and they begin 
to show degenerative changes in 5 days. After 7 days a 
few live cells, which show movement and appear healthy 
can usually be found but it is uncommon for the cells to 
last more than 3-4 weeks. On a few occasions, however, 
live cells have been observed after 8 weeks in hemolymph-
free medium but no mitotic divisions have been observed . 
The addition of nucleotides, purines and pyrimidines at 
the same concentrations used in TC. 199 (Morgan, Morton 
and Parker, 1950) to the synthetic medium did not increase 
either the survival or growth of the cells. 
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ANALYSIS OF THE AMINO ACIDS IN THE MEDIUM 
In medium in which cells had grown for 7 days: 
1) aspartic acid, glutamic acid and asparagine 
disappeared completely; 
2) isoleucine and leucine decreased slightly; 
3) glutamine and alanine increased 6-fold and 
4-fold respectively (from preliminary 
quantitative analyses); 
4) glycine and valine increased slightly; 
and 
5) the other amino acids - histidine, 
arginine, threonine, praline, methionine, 
tyrosine, ~-alanine, phenylalanine, 
lysine, tryptophan, cystine and serine 
showed no detectable change, either by 
paper chromatography or by the quantitative 
analysis. 
The most interesting results of these experiments were 
the complete disappearance of both glutamic acid and 
aspartic acid and the accumulation of glutamine and 
1-alanine (Fig. 1). 
Both glutamic acid and aspartic acid can be readily 
synthesised by insects and neither has been found 
essential for the growth of insects on synthetic diets 
(Gilmour, 1961). In mammalian cell culture Eagle et al 
20 • 
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Fig . 1. The fate of aspar tic acid (a sp . a), 
glutamic acid (glut . a) and glutamine (glutamine) 
in insect tissue culture medium in whic h cells had 
grown !or 1, 2 , 3 and 7 days (UM1d -- UM7d) . 
The amino acids in the unused medium (FM) are 
shown to the left and right . 
JIii 
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(1956, 1958) have shown that glutamic acid is not an 
essential requirement for growth and that in some 
strains it can replace glutamine but not in others. 
These workers also showed that glutamic acid can give 
rise to glutamine but only when the medium contained 
very high concentrations of glutamic acid. Because of 
the importance of both glutamic acid and aspartic 
acid in transamination reactions it is possible that 
they are used quickly by the cells for the synthesis of 
compounds which are absent -from the medium but which are 
needed for cell growth e . g . proteins, nucleotides, keto 
acids etc. It is also possible that the glutamic acid 
in the medium may act as an immediate acceptor for 
excretory ammonia and this would explain its decrease. 
A possible explanation for the decrease in aspartic acid 
would be its immediate deamination and the use of the 
keto acid as an energy source. It is also possible 
that it may be needed as a source of oxaloacetic acid 
-
which is not a component of the medium but is a key acid 
in the tricarboxylic acid cycle. It would appear from 
these results that there is a significant difference 
between insect cells and vertebrate cells in the 
utilization of these amino acids. 
The accumulation of glutamine was of some interest. 
It is possible that in these cultures glutamine acted as 
the main excretory product of nitrogen metabolism. In 
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insects the main end product of nitrogen metabolism is 
uric acid, which in the majority of terrestrial insects 
accounts for more than 90% of the excreted nitrogen. Uric 
acid, urea or free ammonia could not be detected in the 
used medium. 
The increase in alanine could also be explained as the 
result of a transamination reaction between glutamic acid 
and pyruvic acid to give alanine and a-ketoglutaric acid. 
In the cockroach Blattella and the fly Pseudosarcophaga 
the omission of alanine from a synthetic diet markedly 
retards their growth, and it is considered to be one of the 
two most essential amino acids for these insects, the other 
being leucine . 
When cells were placed in a medium in which the 
hemolymph, aspartic acid, asparagine, glutamine and alanine 
were omitted, small amounts of glutamine and alanine 
accumulated. The growth of the cells in this medium, however 
was very poor, due probably to the absence of the hemolymph. 
After 9 days very few live cells were present and it is 
possible that some of the glutamine and alanine could have 
been liberated from the dead cells. 
Of the twelve essential amino acids in the medium the 
only two which showed any decrease after cells had grown 
in it were leucine and isoleucine. This result could be 
significant as both these amino acids are present at about 
the same concentration (5mg./% and 7.5mg./% respectively) 
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that have been found to be optimal for growth of 
vertebrate cells in some chemically defined media 
(Parker, 1961 ) • . The other amino acids are at 
concentrations higher than those in vertebrate culture 
media. 
The small increase in the amount of valine in the 
used medium was rather surprising as it is considered 
to be essential for the growth of insects on synthetic 
diets (Gilmour, 1961) and ·for vertebrate cells grown 
in vitro (Eagle, 1955, .a,b .. ). 
Efforts to utilize the results of these experiments 
in improving the medium have not been very successful. 
As active growth of cells cannot be maintained in 
hemolymph-free medium it has not been possible to test 
quantitatively the effects of changing the concentrations 
of the amino acids. 
ANALYSIS OF THE HEMOLYMPH 
The analysis of the hemolymph by chromatography 
revealed all the amino acids present in the synthetic part 
of the medium . Although it was not possible to determine 
quantitatively the amount of each amino acid, the amino 
nitrogen content of the hemolymph was 284 mg./%. In 
this respect the hemolymph of A. eucalypti is very similar 
to that of other Saturniids in which the amino nitrogen 
content has been found to be around 300 mg./%. 
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Fig . 2 . The fat e of the sugars sucrose , glucose and 
fructose in insect tis sue culture medium in which cells 
had grown for 1, 2 , 3, 4 and 6 days (UM1d -- U od) . 
The sugars in the unused medium (FM) are shown at the 
left. 
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ANALYSIS OF THE SUGARS IN THE MEDIUM 
The fate of the 3 sugars - sucrose, fructose and 
glucose - is shown in Fig. 2. After one day in culture 
there was a decrease in the amount of glucose but no 
change in either the sucrose or fructose . By the fourth 
day all the glucose had disappeared and the amount of 
fructose had markedly decreased. All the fructose had 
disappeared by the sixth d_ay . There was no observable 
change in the amount of sucrose over a 14-day period. 
-The 3 sugars in the medium were found in the 
hemolymph analysis by Wyatt (1956) . The total amount of 
each was raised, however to increase the reserve energy. 
The sucrose in the medium used in the present studies 
was further increased to 2 . 668 g/100 ml . to adjust the 
osmotic pressure to that of!• eucalx2ti hemolymph. 
Subsequently Wyatt and Kalf (1957) showed that the non-
reducing disaccharide trehalose represented 90% of 
the total hemolymph sugar with sucrose, fructose and 
glucose making the other 10%. Grace (1958a) found that 
when trehalose was the only sugar present in the medium 
very little migration or growth occurred in primary 
cultures of silkworm cells. When trehalose was added in 
the presence of extracts of endocrine organs from 
blowflies at a concentration of 20 glands/ml. of medium 
better cell growth was obtained. 
Flask 
1 
2 
3 
4 
5 
6 
7 
8 
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TABLE 2. 
PRODUCTION OF 14co2 FROM RADIOACTIVE SUGARS BY 
TISSUE-CULTURE CELLS 
Specific Radio-
Sugar Activity activity (elm per 
ml) of CO2 
Glucose - 14c (U) 17,600 149 elm 
Glucose-14c (U) 17,600 321 elm 
Suero se-14c (U) 1 5' 800 5 elm 
Sucrose-11+c (U) 15' 800 7 elm 
Trehalo se -14c (U) 16,800 129 elm 
Trehalose-14c (U) 16,800 195 elm 
Trehalose-14c (U)+ extract 17,000 183 elm 
Trehalose-14c (U)+ extract 17,000 189 elm 
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The utilization of sucrose, glucose and 
trehalose was investigated further by adding trace 
amounts of radioactive sugars to a medium in which the 
usual sugars were replaced by cellobiose which is not 
metabolised by insects . Small amounts of sugarswould 
have been present in the hemolymph added to the medium. 
In some experiments an extract of cockroach corpora 
cardiaca was added at a concentration of 2 glands/ml. to 
test its effect on the utilization of trehalose. The 
production of radioactive carbon dioxide over a 3-day 
period was taken as a measure of the utilization of the 
sugars . The results of these experiments (Table 2) 
show: 
1 ) that trehalose is utilized at a rate that 
is not very much less than that of glucose; 
2 ) sucrose is hardly utilized; and 
3) the presence of endocrine extracts did not 
increase the utilization of trehalose. 
The utilization of trehalose was also demonstrated 
using paper chromatography by following its disappearance 
when added to a medium at a concentration of 70 mg./ml . 
It is apparent from the results that the cells contain 
an a-glucosidase that is capable of degrading trehalose 
to glucose . The low rate of metabolism of the sucrose 
suggests that the cells contain an a-glucosidase or 
~- fructosidase of low specifi city which attacks sucrose. 
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THE DIALYSIS OF!• eucalypti HEMOLYMPH 
In order for insect cells to survive and grow in 
vitro it is essential that the currently used medium 
contains a proportion of hemolymph. The!. eucalypti 
cells will not grow in media containing vertebrate sera 
in the place of hemolymph (Grace, unpublished observations). 
If the essential factors in the hemolymph could be 
isolated it would greatly increase the chances of 
formulating a completely synthetic medium. As the 
hemolymph , prior to being added to the medium , is heated 
at 60°C for 5 minutes, the essential factors are 
apparently relatively stable to heat . 
In some preliminary experiments, heat-treated hemolymph 
from a. eucalypti was dialysed and the two fractions 
tested for their ability to support the growth of the cellso 
The fractions were added at the concentrations they occur 
in the undialysed hemolymph. In the medium containing 
the dialysate - the small molecular weight fraction, the 
cells remained as healthy, but grew at a slightly lower 
rate than the cells in the undialysed medium. The cells 
in the medium containing the large molecular weight fraction 
were inhibited in their growth and showed signs of 
degeneration after 5 days. Unfortunately this study had 
to be postponed at this stage as the supply of A· eucalypti 
hemolymph was only sufficient to maintain the growth of 
the cells . 
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As pupae from a closely related species Antheraea 
pernyi can be obtained in very large numbers, it is 
proposed to use the hemolymph from this species in the 
medium for the cultivation of large populations of cells. 
The cells from the Jl. eucalypti strains had to become 
adapted to grow in the medium containing the!• pernyi 
hemolymph. The adaptation of the cells is described in 
Chapter 3. 
When this investigation was begun it was envisaged 
that the results of the chromfttographic analyses of the 
medium could be used immediately in simplifying and 
improving the medium. Because of the necessity of adding 
hemolymph , however, which contains high concentrations of 
amino acids , it was not possible to determine the optimum 
concentration of each of the amino acids for optimal growth 
of the cells . This problem could very likely have been 
overcome if dialysed hemolymph could have been used in 
place of whole heat-treated hemolymph but this was not 
possible . 
The factors in the hemolymph which are essential for 
the growth of the cells will have to await further study 
but it is unlikely , from the results of these studies that 
they will be amino acids, nucleotides, purines or 
pyrimidine so 
Although the medium containing 5% hemolymph has all 
the constituents necessary for the growth of insect cells 
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(see Chapter 3) it would be desirable to determine the 
specific nutritional requirements that are essential for the 
growth and multiplication of insect cells in vitro. It 
would then be possible to carry out many studies of interest 
to insect biochemists and virologists. 
SUMMARY 
(1) In medium in which cells have grown for 7 days: 
a) All the aspartic acid and glutamic acid have 
been metabolised. 
b) There is about a six-fold increase in the 
amount of glutamine. 
c) L-alanine increased about 4-fold. 
d) The amounts of leucine and isoleucine 
decreased slightly. 
e) The 'essential' amino acid valine increased 
slightly, as did glycine. 
f) The other 12 amino acids in the medium showed 
no detectable change. 
(2) Of the three sugars in the medium glucose and fructose 
were completely metabolised in 5 days and sucrose did 
not appear to be metabolised to any great extent. 
(3) Trehalose, when added to the medium was metabolised at 
a rate not very much less than that of glucose. 
(4) Preliminary experiments on the dialysis of hemolymph 
suggest that the essential factors for growth in it 
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are of small molecular weight. 
C H A P T E R 
T H R E E 
THE ESTABLISHMENT OF STRAINS OF 
INSECT CELLS I1i VITRO. 
INTRODUCTION. 
The ultimate aim of culturing insect tissues has 
been to develop cell strains that would grow continuously 
for long periods and from which large numbers of cells 
could be regularly obtained. 
In this thesis the term primary culture is used for a 
culture that contains tissues or cells taken directly 
from the intact insect. When a primary culture has 
continued to proliferate and has been subcultured many 
times so that there is no reasonable doubt that it can 
be carried indefinitely, it is called a strain. 
In Chapter 1 Table 1 it was shown that by about 1958 
the main difficulties of growing insect cells in primary 
culture had been overcome. However , prirm.ry cultures, 
although adequate for many investigations, have one great 
disadvantage which seriously limits their use for virus 
studies, namely the very small numbers of cells available. 
It is usually difficult to obtain ample quantities of 
insect cells for culturing because of the small size of 
the tissues. Consequently, small numbers of cells are 
set up in hanging drops or small flasks. From a 
practical point of view these are time consuming and 
difficult to handle and quantitative and long term 
experiIIBnts are extremely difficult to carry out . 
In the first section of this chapter the development of 
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four strains of cells from ovarian tissue of a moth 
(Antheraea eucalypti Scott) will be described. Once 
the strains had been established it was necessary to 
determine the morphological and chromosomal character-
istics of the cells, to establish clones of each type 
of cell present and to develop techniques for growing 
the cells in large quantities. These studies are 
described in the succeeding sections of this chapter. 
THE DEVELOPMENT OF FOUR STRAINS OF 
CELLS FROM OVARIAN TISSUE 
The ovarian tissues used in these studies were taken 
from diapausing pupae of the Emperor gum moth (Antheraea 
eucalypti Scott) a native species of the family 
Saturniidae (Lepidoptera). 
Three of the strains developed from cells obtained 
by dissociating the ovaries in 0.25% trypsin (Difeo 
trypsin 1:250) in Puck 1 smline A for 15 minutes at 37°c . 
The fourth strain developed from cultures of 
undissociated ovaries. Either four ovaries, or the cells 
from four dissociated ovaries, were placed in Porter 
flasks containing 0.9 ml. of insect tissue culture medium. 
The medium used was a modification of that described by 
Wyatt (1956). Its composition is shown in Table 1 of 
Chapter 2. All the cultures were incubated at 27-29°C . 
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As the development of the four strains followed 
similar courses , only one will be described . This 
culture was initiated in October 1960 , from dissociated 
cells . Forty- eight hours after the culture was set up 
the majority of cells had adhered to the surface of the 
culture vessel . During the next 3 weeks the number of 
cells had markedly increased and mitotic divisions were 
numerous . However , during the succeeding 3 weeks 
the number of mitoses decreased . About 50 days after 
the cultures had been made 1 many cells began to show 
signs of degeneration (vacuoles and fat droplets in 
the cytoplasm) and by the 70th day only a few cells 
were still healthy . During the next four months very 
little cell growth occurred . The medium , at this stage 
was renewed every 7- 14 days . 
Ten months (July , August 1961) after the cultures 
were started , the number of healthy cells began to 
increase . The first subculture was made 12 days after 
the renewed cell growth began. Subcultures were made 
thereafter at about 14 day intervals for 2 months . The 
early subcultures consisted of about 8,000 cells in 
0 . 9 ml . of medium in Porter flasks . As growth cont inued 
the cells were transferred to 2 oz . medicine bottles. 
Although most cells, after dividing, a t tached to the 
surface of the culture vessel , many cells became 
detached an:1 multiplied while floating in the medium . 
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It was not possible at this stage to make accurate 
cell counts as the cells adhering to the glass surface 
could not be removed by trypsin or versene without 
damage. To overcome this problem the cells were grown 
in suspension cultures, the development of which will be 
discussed in a later section. 
The strain described has been established for 25 
months (September 1963) and has been subcultured nearly 
200 times. 
The three other strains _developed from cultures set 
up in August 1960, January 1961 and March 1961. The 
cultures set up in August 1960 contained undissociated 
ovaries, the other cultures consisted of dissociated 
cells. The two strains that developed from dissociated 
cells have been growing for 23 months, and the fourth 
strain, for 28 months . All these strains have been 
subcultured more than 100 times . 
After subculturing, the majority of cells remained 
floating for 2-4 hours and then became attached to the 
culture vessel. After 4 days there was usually a 
confluent layer of cells (Fig. 1). 
SUBCULTURING 
When the strains were first established subcultures 
were made in the following way:- The medium was removed 
from the bottles and the cells were washed once in Puck's 
~. 
saline A. Then 2.0 ml. of 0.1% trypsin in Puck's 
saline A was added and the cells incubated at 37°c. As 
soon as a few cells had come off the glass 1 .o ml. of 
insect tis sue culture medium was added and gently 
pipetted to remove the remainder of the cells from the 
glass. After centrifugation at 200g for 2 minutes the 
supernatant was removed and the cells were resuspended 
in fresh medium. Approximately 5 x 104 - 1 x 105 cells/ml. 
were placed in 2 oz. medicine bottles with 3.0 ml . of 
medium. Subsequently this ~ethod was discontinued , as 
it was not possible to remove all the cells from the 
bottles without damaging a large number of them . The 
.most successful method of subculturing the cells is gently 
to pipette the medium up and down several times and only 
those cells which are suspended are used in making the 
subcultures. Medium is added to the remaining cells in 
the bottles. 
The cells from all four strains are now routinely 
grown in 2 oz. or 4 oz. medicine bott~es. Approximately 
2 x 105 cells/ml. are placed in each bottle. When the 
cells are growing actively subcultures are made at 4-5 
day intervals. 
THE MORPHOLOGY OF THE CELLS . 
(a) Gross morphology of the ovariole. 
The ovarian tis sue used as the source of cells is 
composed of several types of cell (Trager 1935, Jones 
LOOSE ST RO MA O F C EL L 
FO RMIN G T HE O VARIAN SH E ATH 
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Text Fig . 1 . A schematic drawing of a transverse 
section through an ovariole of a moth . 
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and Cunningham 1961, King, personal communication). A 
schematic drawing of a transverse section through an 
ov ariole of a moth to show the distribution of the cells 
is shown in text figure 1. On the outside of the 
ovariole there is a sheath composed of spindle-shaped 
cells. On the inner surface of this are layers of 
circular and longitudinal muscles. Below the muscle 
layers and separated from them by a thin membrane is a 
mass of cells which are oval to round in shape. These 
cells when viewed under the -light microscope appear to 
be unattached or very loosely connected to each other, 
so that if an ovariole is prodded the cells are seen to 
move relative to each other. Another thin membrane 
separates this layer of loose cells from the columnar 
follicle cells which in turn surrouni the oocyte and nurse 
cells. From their morphology, it is very likely that the 
cells which grow in culture are derived from the spindle-
shaped cells of the ovariole sheath and the cells of the 
intermediate layer. 
(b) Light microscopic observations of the 
cultured cells. 
Viewed with the light microscope there are three distinct 
cell types present in the strains . One cell type is common 
to all four strains (type 1 ). This cell (20-4Q,Uin 
diameter) is polygonal in outline , rather flat and the 
Fig . 1 . A confluent sheet of cells f rom a culture 
of!- eucalypti ovarian cells grown in vitro, 13 
months after 'initiation 1 and 3 months after 
'transformation • of the cell s . X200 Phase contrast. 
cytoplasm is finely granulated. Usually, the cells form 
sheets which adhere strongly to the surface of the culture 
vessel (Fig. 2). The second type of cell (type 2), which 
is found in three of the strains, is round to fibroblastic 
in profile (15-29U diameter) with a distinct outline and 
finely granular cytoplasm. Many of these cells grow in 
small groups on the culture vessel, but they also multiply 
while floating free in the medium (Fig. 3). The third 
type of cell (type 3) is small and round (10-1~diameter) 
with a clear outline and a clear cytoplasm (Fig. 4). 
This cell type which is predominant in only one strain, shows 
very little variation in size or shape and the cells tend 
to remain loosely attached to the surface of the culture 
vessel. 
(c) Electronmicroscopic Observations. 
Preparation of cells. 
Cells from an actively growing culture were 
centrifuged at 200g for 3 minutes and- the pellet was fixed 
in 1~ osmium tetroxide at pH 7.2 for 2-3hours. The fixed 
pellet was then dehydrated in a series of ethanols of 
increasing strength and embedded in Araldite . Sections 
were cut on an 1KB microtome and stained with 1% 
uranylacetate in water or in Malonig 1 s lead solution 
(30 minutes-1hour). The cells were examined in an 
Elmiskop 1 electron microscope . 
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Fig . 2 . Cells of Type 1 from a strain of A. 
eucalytpi cells 20-ltO,µ. in diameter, X200 Phase 
contrast . 
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Fig . 3. Cells of Type 2 from a strain of!• eucalyRti 
cells 15- 2()_).L in diameter . X200 Phase contrast . 
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Fig . 4. Type 3 cells from a strain of A. eucalypti 
cells . 10-15,M, in diamete r. X200 Phase contrast . 
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Description of the cells. 
The cells that were examined show~d very few signs 
of specialised inclusions and in their general appearance 
are very like the undifferentiated cells found in 
mammalian cell cultures (Parker, 1961, Paul , 1959). The 
nucleus was single in all the cells examined and often 
contained a very large nucleolus. In the cytoplasm, 
mitochondria, Golgi apparatus, particle-covered membranes 
of endoplasmic reticulum and in some instances various 
unidentified vacuoles were -present (Figs. 5 and 6) . In 
some cells the mitochondria and Golgi apparatus were 
clustered about the nucleus. In contrast with many 
specialised insect cells which may be very large, the 
cells from the strains were within the size range that 
is normal for unspecialised cells. The large nuclear/ 
cytoplasmic ratio found in these cells is also consistent 
with their being undifferentiated. 
The existence of more than one type of cell could not 
be fully determined from this study . However, in the 
preparation examined, the cells were in clumps and while 
most cells were rounded and had smooth surfaces, some 
were very elongated with thin processes projecting between 
other cells. This may indicate two cell types - a passive 
rounded cell and a motile one. 
In some cells evidence of incipient differentiation 
was apparent by the presence of long filaments in the 
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Fig . 5. A section of a cell from a strain of &. eucalypti cells grown in vitro . In general 
appearance the cell is like undifferentiated cells 
found in mammalian cell cultures. M mitochondria; 
nucleus; NM nuclear membrane; CM cell 
membrane; GA Golgi apparatus. X22,500 . 
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Fig . 6 . A section of a cell from a strain of 
fl. eucalypti cells grown in vitro. This cell 
contains less organe l les than Fig . 5., and there 
are several large ma sses of nucleolar material 
in the nucleus . M mitochondria; N 1 nuclear 
membrane, N nucleus; NU nucleolar material . 
x22 , 500 . 
cytoplasm (Fig. 7). It is possible that these cells 
may eventually become muscle cells. 
CYTOLOGICAL AND CYTOCHEMICAL OBSERVATIONS OF THE 
CELL STRAINS . 
Cells of the gonad sheath of insects are frequently 
polyploid (White, 1954). The establishment in vitro of 
cell strains from the ovaries of the Saturniid moth 
Antheraea eucalypti Scott has raised the question of the 
ploidy of the cultured cells, especially in view of the 
fact that mammalian cell lines are frequently polyploid, 
even where the primary culture is taken from diploid 
tissues. Both cytological am. cytochemical methods have 
been employed in an investigation of the chromosome 
complement of the Antheraea cell strains. An attempt 
has also been made to relate the cell morphology to the 
levels of ploidy shown in the cultures. 
DETERMINATION OF THE CHROMOSOME NUMBER OF 
ANTHERAEA USING CELLS FROM INTACT PUPAE. 
The chromosome complements of most species of 
Lepidoptera are difficult to determine with certainty 
in somatic tissues . Reliable counts of the haploid 
number, however , can be obtained at meiosis . The haploid 
and diploid chromosome numbers of Antheraea eucalypti Scott 
collected at Parkville, Victoria, were obtained by study 
of the spermatogonial and maturation divisions in the 
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Fig . 7. fi section of a clump of cells from a strain 
of • eucalypti cells grown ill vitro . One cell 
contains many filaments which may be evidence for 
incipient differentiation . F = rilaments; CM= cell 
memorane ; M = mitochondria . X22,500 . 
pupal testis. No mitostatic agent was employed. The 
testis was dissected out and placed in distilled water 
for 5 minutes to allow osmotic expansion to occur. The 
material was then fixed for 10-15 minutes in 45 percent 
acetic acid , and stained and mounted as a squash 
preparation in lactic-orcein (Nicoletti, 1959). The 
same technique was employed in studying the cells of 
the pupal ovary . Satisfactory preparations showing 
meiotic divisions were obtained from the testis of 
developing post - diapause pupae and also from the testes 
of non-diapausing summer generation pupae at least 10 days 
old . 
The small size of the chromosomes , and their number 
at even moderate levels of ploidy would lead to difficulties 
in detecting aneuploidy if it occurred. In the present 
work, therefore, cells have been referred to a particular 
level of ploidy if the counts made agreed to within 10 
percent with the nearest multiple of the diploid number. 
~. eucalypti males showed 25 bivalents at first meta-
phase . In this species a total of approximately 40 nuclei 
from 8 male pupae were observed . Certain cysts of lat e 
metaphase nuclei gave consistent count s of 37-38 or 41-44. 
Such configurations apparently consist of both univalents 
and bivalents . In a few favourable spermatogonial divisions 
it was possible to confirm that the diploid complement of 
50 . 
Fig . 8 . Meiosis in pupal testi s showing the 25 
bivalents at first metaphase . 
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b 
Text Fig . 2 . a) First metaphase and b) Premetaphase 
of meiosis in!• eucalypti showing the 25 bivalents . 
• 
Fig . 9. 
tissue . 
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Diploid nucleus from pupal testis 
53 . 
Fig. 10 . Approximately 64 n nucleus from the 
pupal ovarial sheath . 
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this species is 50 (Fig. 8, and Text Fig. 2). 
Lactic-orcein squash preparations of both pupal ovary 
and testis were favourable for chromosome counts of the 
gonad sheath nuclei. These ranged in ploidy from 2n 
(Fig. 9) to at least approximately 128n. Tetraploid , 
octoploid and 16n nuclei were abundant, while cells of 
higher ploidy (Fig. 10) were less numerous. A small 
proportion of the cells was binucleate; none of those 
seen was suitable for chromosome counting. In each case 
the volumes of the two nuclei appeared to be identical. 
Direct counts of the chromosome numbers of the 
circulating pupal hemocytes of A• eucalypti showed that 
nuclei with approximately 2n to at least 16n complements 
are present in the hemolymph at this ·· developmental stage . 
CYTOLOGICAL OBSERVATIONS ON THE CELL STRAINS 
Direct chromosome counts from cells of the four strains 
of A• eucalypti were made during the logarithmic pha se of 
growth in culture medium containing 5 percent heat treated 
hemolymph of!• eucalyptt. In some cases 10 percent 
hemolymph from!• pernyi Guerin replaced the hemolymph . 
The cell suspension was centrifuged at approximately 200g 
for 5 minutes and the pellets of cells obtained were 
fixed in situ for 15 minutes without disturbance , either 
directly in 45 percent acetic acid, or in this fluid after 
2 minutes osmotic expansion in distilled water . Addition 
55. 
Fig . 11 . 
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128 n nucleus from 
~-
Fig . 12 . Approximately 8 n nucleus from a 
culture of A• eucalypti cells in vitro. 
57 . 
, 
, 
Fig . 13 . Approximately 16 n nucleu s from a 
culture of A• eucalypti cells grown in vitro . 
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of a mitostatic agent proved unnecessary; an adequate 
number of dividing nuclei in which the chromosomes 
could be counted was obtained from untreated cultures . 
Chromosome counts on circulating hemocytes of the 
diapausing pupa of A· eucalypti were made using preparations 
fixed and stained in the same way after the cells had 
been spun down from the hemolymph . 
The preliminary osmotic expansion and squashing 
ne cessary to separate the chromosomes before counts can 
be made precludes the possibility of relating ploidy to 
morphology in preparations of cells of the three types 
from the strains in culture . Direct counts made on 
suitabl y spread , complete nuclei show that the 
chromosome complement ranges from 50 to about 3200 (128n; 
Fig . 11). Nuclei which are approximately 4n, 8n (Fig . 12) 
and 16n (Fig . 13 ) are particularly frequently encountered 
in preparations of these cells . 
CYTOCHEMICAL OBSERVATIONS OF THE CELL STRAINS . 
In an attempt to correlate chromosome number with 
cell morphology , the relative amount of DNA in the nuclei 
of cells of known morphological type was estimated by 
Feulgen cytophotometry . Cells were grown as a monolayer 
adherent to 7 mm . square coverglasses either placed in 
groups in 5 cm . Petri dishes or singly in ring cultures . 
The cells were fixed on the coverglasses using 1:3 (v/v) 
acetic acid-ethanol for 20 minutes . The material was then 
hydrolysed in N HCl for 10 minutes prior to staining in 
Schiff 1 s reagent . In certain preparations light green 
was used as a counterstain to facilitate comparisons of 
cell morphology . Comparison was made only between cells 
stained and fixed on a single coverglass and possible error 
due to differences in the time or conditions of hydrolysis 
critical for the reaction thereby minimised . 
Due to the growth and fixation of the cells in situ 
on the coverglass, the nuclei _were generally of uniform 
thickness and shape . Preparations of this kind were found 
to be particularly well suited to photometric measurement 
because the nuclei were all complete and showed low optical 
density . 
The relative DNA content of the cells was estimated 
using a cytophotometer (Lison, 1950) equipped with an 
interference filter of transmission maximum 510 mu . Nuclear 
diameters were determined with a micrometer screw-ocular; 
only nuclei which could satisfactorily -be regarded as 
circular or elliptical were used for area determination. 
A comparison of estimates of nuclear area made by calculation, 
with determinations based on planimeter measurements in 
photographic enlargements indicated good agreement , but even 
so the estimation of nuclear volume appears likely to be an 
important source of error in the determination of relative 
DNA content under these conditions. 
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The distribution of DNA and RNA in cells cultured in 
vitro was studied by means of the methyl green-pyronin Y 
method of Kurnick (1955). The cells were grown on 
coverglasses as described above and fixed in ethanol -
acetic acid-formalin (6:2:1 v/v) for 20 minutes . Other 
preparations were similarly stained after removal of RNA 
by extraction in ribonuclease solution or in 10 percent 
perchloric acid at 4°c for 12 hours . Extraction of both 
RNA and DNA was accomplished w·ith 5 percent perchloric 
acid at 60°C for 5 minutes (Pearse, 1960). In some 
instances cells were also fixed in formalin vapour and 
subsequently stained with leuco-basic fuchsin and light 
green . 
It w~ll be remembered that there are three types of 
cell in the strains. Type 1 cells are polygonal in 
outline, rather flat, the cytoplasm is finely granulated 
and they are 20 -4~in diameter. The type 2 cells are 
15 -2~in diameter , fibroblastic in profile with a 
distinct outline and finely granular cytoplasm. Type 3 
cells are small and round 10 -1~in diameter with a 
clear outline and clear cytoplasm. 
The text - figure 3 in the form of a histogram 
summarises the information from the DNA determinations 
in the nuclei of the different cell types . 
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Type 3 cells predominate amongst those which may be 
presumed from their DNA content to be diploid. Cells of 
this type do not show a DNA content indicative of high 
levels of ploidy . Most type 1 cells show intermediate 
ploidy , while cells of type 2 have a DNA content 
indicating at least a tetraploid condition, and in some 
cases a level of ploidy which is the highest observed 
amongst the cells in culture . The results also indicate 
that tetraploid cells outnumber diploid cells under culture 
conditions . Octoploid cells are common, but those of 
higher ploidy are relatively rare. It must be remembered 
that the cell population adherent to the coverglass is 
not necessarily equivalent to the floating population, but 
it is probably significant that direct counts of the 
chromosome complements of suspended cells indicate that 
diploidy is also less common than higher ploidy under 
these conditions . 
Overlap of the estimated DNA content of cells which 
appeared to differ in ploidy may in pa~t bedue to 
experimental error involved in the estimation of nuclear 
volume . The possibility also exists that some intermediate 
values are due to the resting stage synthesis of DNA in 
certain cells (Walker and Yates, 1952) . 
The cytochemical identification of RNA by conventional 
extraction procedures in conjunction with methyl green-
pyronin staining enabled a comparison to be made of the 
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distribution of RNA in strain cells of different 
morphology , and facilitated counts of nucleoli . Although 
no quantitative measurements were made , the RNA content 
appears to be to some extent independent of ploidy . 
There is apparently an inverse relation between cell 
diameter and the intensity of pyronin staining of the 
cytoplasm . The number of separately distinguishable 
nucleoli present is highly variable, but Type 3 show a 
more restricted range (0 - 5) and lower mean than Types 1 
and 2 (range 2 to about 14) . This provides further 
evidence of the greater heterogeneity of the Type 1 and 
2 cells with respect to the degree of ploidy developed 
as well as indicating the generally higher levels 
represented in these two classes . The number of nucleoli 
present in a nucleus cannot be used alone as a reliable 
indicator of ploidy because of the tendency of multiple 
nucleoli to fuse (White , 1954) . 
SUMMARY . 
The results of the cytological and cytochemical 
observations made on the cell strains show:-
1) A high proportion of the cells are polyploid . 
2 ) The cultured cells from t he established cell 
strains show the same range of ploidy as the 
cells of ovarioles from diapausing pupae used 
for setting up primary cultures . 
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3) Direct chromosome counts indicate that the 
nuclei range from diploid (50) to at least 
approximately 128-ploid (3,200). 
4) The cells of the three types differ in the 
frequency with which they show certain levels 
of ploidy. Type 3 cells, from an estimate of 
their DNA content are most often diploid, 
type 2 cells have a DNA content which sho·ws 
that they are at l~ast tetraploid and in many 
cases even higher. The type 1 cells show 
ploidy ranging from 2n up but the degree of 
ploidy never reaches the level of the type 2 
cells . 
CLONING. 
When a strain of cells develops from a piece of tis sue 
it is impossible to tell with any certainty which cells 
in the tissue gave rise to the strain. Frequently the 
strain consists of several types of cell which, in their 
morphology, metabolism and ability to support the growth 
of viruses, are very different from the cells of the 
original explant and may differ from each other in some 
or all of these characteristics (Paul, 1959, Parker , 19b1). 
In order to isolate and characterize the types of 
cells growing in the strains and because it could be 
desirable for some virus studies to use a pure strain 
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of cells, attempts were made to clone the cells from 
the strains. 
Three techniques were used in the cloning experiments~ 
1) the capillary tube method of Sanford, Earle and 
Likely (1948); 
2) the microdrop method devised by Lwoff et al 
(1955); and 
3) the dilution method developed by Puck and his 
colleagues and de scri-bed by Paul, ( 1 959). 
Successful growth from single cells was not obtained 
using the first two methods, although several attempts were 
made and special care was taken to ensure cleanliness of 
the glassware, careful handing of the cells etc. 
With the third method many clones (microcolonies) of 
cells were obtained but only one was grown up to a usable 
size. The method consisted of plating out about 100 cells 
into a 60 mm. petri dish containing 4.o ml. of medium 
taken from a 4-7 day old culture of actively growing cells. 
To ensure that no cells would be carried over in the 
medium, the medium was centrifuged at 3000 r.p.m. for 10 
minutes and the top three-quarters of the supernatant 
removed. This was recentrifuged at 3000 r.p.m. for 10 
minutes and the top two-thirds used in the cultures. After 
the cultures were set up they were placed at 29°c and left 
undisturbed for 11 days. Previous experiments had shown 
that if the cultures were disturbed before about 8 days 
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the cells which had grown invariably died a few days 
later . 
In the early cloning experiments cells from cultures 
gro~ing in medium containing a. eucalypti hemolymph were 
used . In the later experiments , cells that had been 
adapted to growing in medium containing Antheraea pernyi 
hemolymph were cloned , because of the greater availability 
of this medium and be cause it is proposed to use a. pernyi 
hemolymph in the medium almost exclusively in the future . 
Out of a total of 11 petri dishes set up on 4 
occasions , containing cells adapted to!. pernyi hemolymph , 
colonies developed in 6 petri dishes . Because most of the 
colonies grew as clumps it was not possible to make accurate 
counts of the cells , but some colonies consisted of at 
least 30 cells while in others , mainly of types 1 and 2 , 
there were only 8- 10 cells . The total number of colonies 
in each dish and the number of colonies of each cell type 
is shown in Table 1 . 
Most colonies consisted of type 3 cells which are small 
round cells with a clear cytoplasm . This cell type, which 
was predominant in only one cell strain in the medium 
containing a. eucalypti hemolymph, is the dominant cell type 
in the cultures adapted to a. pernyi hemolymph . 
The frequency of each of the 3 types of cell in two 
stock cultures , similar to those from which the cells were 
taken for cloning , are shown in Table 2 . A comparison of 
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the results in Table 1 and Table 2 shows t hat the 
percent age of each type of cell that formed clones is 
the same as the percentage of each type of cell in the 
stock cultures . Although the plating efficiency of the 
cells was low (15-41 %) , the proportion of each type 
of cell remained constant . Apparently the 3 cell types 
have an equal ability to form clones . 
In every petri dish in which colonies formed , numbers 
of floating or loosely attached cells were also present . 
The se cells were either 1 fib.roblastic 1 in shape or were 
small round cells . The first attempt to isolate the 
colonies consisted of removing nearly all the medium, 
taking special care to remove as many floating cells as 
possible . The colonies to be picked off were gently 
prodded with the end of a drawn out pipette and as many 
cells as possible transferred to a ring culture containing 
0. 3 ml . of 5 day old medium . Two colonies of each type 
of cell were transferred to separate ring cultures . 
Twenty-four hours later all the cells ·in all the rings 
were heavily granulated and 24 hour s later still the cells 
were dead . 
In the second attempt to isolate t he colonies the 
following method was used . Nearly all the medium was 
removed with as many loose cells as pos sible and small 
glass rings 1/4u long x 1/8tt i .D. were co a ted with 
vaseline on the bot t om and placed around a colony. 
1 
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T A B L E 1 • 
Total number of colonies, and number of colonies 
of each cell type gr own f rom single cells . 
About 100 dispersed cells were inoculated into 
each 60 mm petri dish . The cloned cells had 
been grown in medium containing£_. pernyi 
hemolymph . 
Total number 
of 
Colonies 
32 
Number of Colonies of 
each Cell Type 
Type 1; Type 2; Type 3 
Not estimated 
2 15 Not estimated 
3 20 Not estimated 
4 30 6 (20%) 8(27%) 16(53%) 
5 41 3 C 7%) 12(29%) 26(64%) 
6 25 6(24%) 7(28%) 12 (48%) 
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TABLE 2. 
THE NUMBER AND PERCENTAGE OF EACH CELL TYPE IN 
FOUR SAMPLES OF CELLS REMOVED FROM TWO POPULATIONS 
OF CELLS GROWN IN MEDIUM CONTAINING£.. pernyi 
HEMOLYMPH IN 2 oz. BOTTLES . ONE SAMPLE FROM EACH 
BOTTLE WAS TAKEN ON EACH OF TWO DAYS. 
Bottle Total No . 
of Cells 
No. & % of each cell type . 
Type 1 Type 2 Type 3 
1 
" 
2 
t 
226 
178 
14-2 
96 
50(22%) 
37(21 %) 
34-(24-%) 
14-(14-%) 
57(25%) 
4-2(23%) 
38 (29%) 
23(24-%) 
11 9 ( 58%) 
99(56%) 
70(4-9%) 
59 (62%) 
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Colonies were chosen, wherever possible , that were w~ll 
separated from other colonie s or loose cells. One drop 
of the medium that had been removed and centrifuged to 
get rid of any cells and 1 drop of 5 day old medium was 
added to each ring. Using this method 5 colonie s were 
isolated , one of cell type 1 , two of cell type 2 and 
two of cell type 3. Only one colony (of cell type 3) 
survived more than 48 hours . The colony that survived 
consisted of about 30 cells -and was maintained in the 
ring until about 200 cells were present . The cells were 
then gently pipetted into a larger ring culture (internal 
area 1 .o cm. 2 ) and 0.5 ml . of 5 day old medium added . 
Over the next 48 hours nearly half the cells died but 
after a period of ten days the number had risen to about 
500 . The cells were then transferred to a 1 oz. medicine 
bottle containing 1 . 5 ml . of 4 day old medium. Most of 
the cells in the bottle did not become attached to the 
surface . Mitotic divisions have been observed occasionally. 
No counts have been made since the cells were transferred 
to the bottle but from microscopic observations there 
appears to be a slow but definite increase in cell number. 
The cells in the bottle appear to be uniform in their 
morphology and it is most probable that a cloned line of 
cells will be established. Further attempts will be made 
to establish clonal populations of the other cell types . 
The methods of cloning used in the se experiment s have not 
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been particularly successful and because of the floating 
cells the isolation of colonies without contamination 
from other cells is most difficult . A few preliminary 
experiments have been made in which single cells are 
placed in a small drop of medium in the small glass rings 
used for isolating the colonies . So far these attempts 
have been unsuccessful . Several attempts to photograph 
the growth of a single cell have also not succeeded. 
The ability to clone the insect cells can be used to 
advantage for assessing their response to various physical 
-
and chemical factors and for determining the nutritional 
requirements of the cells. 
THE GROWTH OF INSECT CELLS IN SUSPENDED CULTUP~S . 
Once the insect cell strains had been established it 
was important to determine their rate of growth and to 
develop techniques for the production of large numbers of 
cells . It had not been possible , in the stationary 
cultures , to make accurate counts of the cells because 
many of them adhered to the glass and could not be removed , 
with complete success , with either trypsin or versene. 
In vertebrate cell culture it has been shown that 
suspension culture s provide more uniform conditions for 
cell growth and much greater accuracy of sampling can be 
achieved than in stationary cultures . The technique is 
also the most efficient for the production of large 
populations of cells . For these reasons, attempts were 
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made to grow the insect cells in suspension . 
The techniques were for the most part the same as 
have been used for suspended cultures of vertebrate cells. 
The main difference was that small flasks - 10 - 50 ml . had 
to be used because large amounts of medium could not be 
spared . 
Initially the cells were grown in various tubes and 
flasks , but the best were round - bottomed , narrow-necked 
flasks . The spinner was attached by platinium wire to a 
fishing swivel pushed into a rubber stopper , which sealed 
the flask . 
henever possible , depending on the availability of 
cells , the flasks were seeded with between 2 x 105 -
4 x 105 cells/ml . If the size of the inoculum was much 
smaller than this (say 5 x 104 cells/ml . ) very little growth 
was obtained . The flasks were placed on magnetic stirrers, 
and the speed of rotation was adjusted so that the cells 
just remained in suspension and did not settle on the bottom . 
Growth curves of the cells at 24°c , 30°c and 37°c are 
shown in Text Fig . 4. The generation time of the cells at 
30°C is about 48 hours and the maximum yield of cells is 
about 1 x 10 cells/ml . at the end of 6-7 days. At 37°c 
the cells multiply for about 48 hours and then there is a 
precipitous drop in numbers . Most of the cells die within 
3-4 days . 
The cultivation of cells in suspension could be of 
limited use only , while supplies of hemolymph were small. 
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However with adaptation of some of the cells to a. pernyi 
hemolymph , which can be obtained in large quantities, 
there should be no obstacles to the growth of populations 
of cells as large as those obtained with vertebrate cells 
grown in suspension. 
ADAPT TION OF THE CELL LINES TO Antheraea pernyi 
HEMOLYMPH . 
The development of techni-que s for growing large 
populations of insect cells in vitro has increased the 
problem of obtaining sufficient amounts of hemolymph for 
all needs . 
About 0 .6-0 . 8 ml . of hemolymph can be obtained from 
an Antheraea eucalypti pupa , and it is used at a 
concentration of 5% (1 in 20) in the medium . Previously , 
enoughlEmolymph could be obtained from pupae grown either 
in the laboratory or under nets placed over gum saplings 
in the field (Grace , 1963). The labour involved, however, 
in growing many thousands of pupae is VEry great and soon 
becomes prohibitive . 
There are two ways in which the problem may be solved: 
1 ) analyse the hemolymph and the medium after cells 
have grown in it to find the factors essential for 
growth and then formulate a completely synthetic 
medium ; or 
2 ) use the hemolymph of another species of insect that 
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can be obtained in very large numbers . 
The first suggestion is being investigated (chapter 2 of 
this thesis) but is a long term project . Fortunately the 
second alternative became possible when an abundant source 
of pupae of a closely related species (Antheraea pernyi) , 
was found in Japan . These pupae can be obtained in very 
large numbers at a fraction of the cost of breeding 
! . eucalypti . 
When cells from the strains were cultured in medium 
containing 5% A• pernyi hemolymph growth was good for 2-3 
days , then the cells flattened on the glass, the cytoplasm 
became heavily granulated and the cells died in 4-5 days. 
If the hemolymph concentration was raised to 10% cell 
growth was much better for about 7 days and then many cells 
degenerated , but some did survive . Raising the concentration 
of the hemolymph up to 30% of the medium did not increase 
the growth . 
It was obvious from these results that before the cells 
would grow continuously in medium containing!. pernyi 
hemolymph they would have to become adapted to it . The 
following procedure was used to adapt the cells to!• pernyi 
hemolymph . When two cultures of cells from the fourth 
strain were due for a medium change , half the medium was 
removed and was replaced by medium containing 10% pernyi 
hemolymph . After 7 days about 50% of the cells were dead. 
The medium was not changed in these cultures for 17 days by 
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which time the cells had increased and the cultures 
looked reasonably healthy . For the next 2 months every 
14 days half the medium was removed and replaced with 
fresh medium containing 10% hemolymph . 
At the end of 4 months subcultures were being made at 
5-7 day intervals and the growth of the cells was 
comparable to that of cells grown in homologous serum. 
The adapted cells are predominantly of type 3, which was 
the dominant cell type in the fourth strain; and mostly 
float in the medium or grow as loose clumps on the glass . 
The adaptation of the cells to!. pernyi hemolymph 
will considerably increase the availability of large 
numbers of cells . 
PRESERVATION OF CELL STRAINS BY DEEP FREEZING 
After the strains of insect cells were established, 
as they were the only such strains in existence, it was of 
the utmost importance that some cells should be preserved 
as insurance against loss of the strains through microbial 
contamination or laboratory accident . It was also 
desirable to preserve the cells so that at some future 
time any changes in the characteristics of the cells 
could be determined . 
A number of methods for preserving the cells was tried 
but the most successful and also the simplest method , 
which is now used routinely , was that devised by Scherer 
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and Hoogasian (1954) for the preservation of strains of 
vertebr ate cells . The method consisted of suspending 
about 1 x 106 cells taken from an actively growing 
culture , in 1 .o ml . of complete insect tissue culture 
medium containing glycerol at a concentration of 10% . The 
cells were sealed in an ampoule and placed directly into 
a deep freeze at -68°c without any prior cooling. 
To regenerate the cells, the ampoule was removed from 
the deep freeze and thawed in 1-2 minutes in a 37°c water 
bath . The cells were removed from the glycerol medium by 
centrifugation , and without washing , were resuspended in 
3.0 ml . of fresh medium and incubated at 29°c . A sample 
of the cells was placed in a ring culture in 0.8 ml. of 
medium and 24 hours later the cells were stained with 
trypan blue (0 . 1% final concentration). In ten· fields, 
taken at random the total number of cells was counted and 
also the number of healthy cells i . e . those which had not 
absorbed trypan blue . From these counts an estimate of 
the number of surviving cells was made~ 
Insect cells preserved by the method described above 
have shown up to 70% survival after being stored at -68°c 
for 10 months . This is a much better survival rate than 
for many lines of vertebrate cells , preserved in glycerol 
medi um 
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THE RELATIONSHIP BETWEEN CULTURED INSECT CELLS AND 
CELL S FROM LINES OF VERTEBRATE TISSUE . 
Some years ago it was realised that several of the 
so -called 1 transformed 1 strains of vertebrate cells, e.g . 
ERK embryo rabbit kidney cells , certain 1monkey kidney 1 
strains , some 1mouse kidney' strains (Msk 1 , 2,3) and some 
strains of human bone marrow (MCN) were in fact due to 
the contamination of cultures with well established 
mammalian cell strains such as HeLa and L-cells (Rothfels 
et al , 1959, Brand and Syverton, 1960) . 
The primary cultures from which the strains of insect 
cells developed were initiated in a laboratory in which 
no vertebrate cell cultures had ever been , but the 
strains were established in a laboratory in which vertebrate 
cell culture was carried on. There was therefore a 
possibility , although extremely remote , that the strains 
of insect cells did not in fact derive from ovarian cells 
of a moth but were the result of contamination q)t" 
vertebrate cells. Attempts were there~ore made to confirm 
that the cell strains were of insect origin. 
Two methods were used to study whether there was any 
relationship between the cultured insect cells and 
vertebrate cells: 
1) attempts were made to grow vertebrate cells in 
insect culture medium and vice versa; and 
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2 ) the serological relationship of vertebrate cells 
and insect cells was studied by gel diffusion 
precipitation. 
Efforts to grow HeLa cells in insect tissue culture 
medium were unsuccessful . Within a few hours after the 
cells were placed in the medium they rounded up , and came 
free from the glass and within 48 hours every cell 
absorbed trypan blue , showing they were dead. Similar 
experiments carried out with-insect cells in Eagle's 
growth medium and T. C. 199 yielded the same results . 
Further confirmatory evidence was provided from the 
experiments in which the cells in insect tissue culture 
medium grew well at 30°C but were killed after 3-4 days 
at 37°c (see previous section of this chapter). Very few 
vertebrate cell strains will grow readily at temperatures 
much below 32°c . 
The study of the chromosome complements of the cells 
from the strains also provides evidence for the cells being 
of insect origin. Although polyploidy -is common, many 
cells contain the normal diploid (2n=50) number of 
chromosomes found in the tissues of!. eucalypti pupae . 
GEL DIFFUSION STUDIES. 
A more specific and sensitive way of showing if any 
relationship existed between the insect cells and certain 
vertebrate cells was to use serological methods . Several 
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are available . Perhaps the most sensitive with vertebrate 
cells is the mixed agglutination method of Coombs (Coombs, 
Bedford and Rouillard , 1956). Complement fixation and gel 
diffusion precipitation have also been used for 
serological differentiation . The gel diffusion method was 
used in this study. 
ANTISERUM . 
The antiserum against the-cells of the strains was 
obtained by injecting rabbits intravenously with 1 .o ml . 
of sonicated suspension of cells . Ten days later the 
rabbits were boosted with another 1 .o ml . intravenous 
injection of the cell suspension . The animals were bled 
5 days after the boost injection. 
ANTIGENS . 
The antigens tested were: 
1) HeLa cells; 
2 ) a strain of human epithelioma (He~s cells); 
3) an acetone-dried preparation of normal mouse liver 
cells; 
4 ) cells from the insect strains; and 
5) fresh a. eucalypti pupal hemolymph . 
The cells in each case were suspended in isotonic salt 
solution and sonicated and then centrifuged to remove any 
large cell debris . In some experiments the antiserum was 
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A.eue. 
HeLa. 
ApH. 
Hep . 
NML. 
A.euc. 
ApH HeLa. 
AeS. 
HeLa. 
ApH. 
A,eue. 
Text Fig . 5. Diagrams of the gel diffusion plates . 
showing the position of the precipitin bands between 
the i_ . eucalypti anti serum and the fl . eucalypti cells 
or pupal hemolymph . No bands were formed between 
the A. eucalypti antiserum and the vertebrate cell 
antigens . 
Hep -
HeLa -
NML -
Aeuc 
pH 
AeS 
Human epithelioma cells; 
cells from a human cervical carcinoma; 
Normal mouse liver cells; 
A. eucalypti cells from the strains; 
~ . eucalypti pupal hemolymph; 
Antiserum to the • eucalypti cells. 
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used at full strength and diluted (1 :2) and the 
antigens were also tested at full strength and at 
various dilutions (1 :2, 1 :4, 1:8) . 
The results of these experiments (Text Fig . 5) show 
conclusively that : 
1) no relationship exists between the vertebrate cells 
and the cells grown in the insect tissue culture 
medium; and 
2 ) that the se lat ter cells are serologically related 
to the hemolymph from!. eucalypti pupae . 
SUMMARY . 
1 ) Four strains of insect cells from ovarian tissue of 
a moth Antheraea eucalypti have been established in vitro . 
Three of the strains arose from cultures of dissociated 
ovaries and one strain from undissociated ovaries . The 
strains have been established for 23-28 months. There 
are three types of cells present in the strains and they 
all multiply . 
2 ) Electronmicroscopic observations of sections of the 
cells show them to be undifferentiated . 
3 ) Cytological and cytochemical studies reveal that the 
cells show a high level of polyploidy. Type 3 cells are 
mostly diploid (2n=50 ), Type 2 cells are intermediate in 
their level of ploidy and Type 1 cells show a very high 
level of ploidy (up to 128n) . 
83 . 
4) One cloned line of cells of Type 3 has been 
established . 
5) Techniques have been developed for growing the cells 
in suspension and growth curves have been obtained. 
6) Cells from one of the strains (strain 4) have been 
adapted to growing in hemolymph from Antheraea pernyi . 
Because this insect can be obtained in large numbers , 
adequate supplies of hemolymph can be assured. This will 
allow much larger populations of cells to be grown. 
7) Cells from all the strains have been deep frozen and 
have been successfully regenerated at least 10 months 
after freezing . 
8 ) No relationship exists between the strains of insect 
cells and cells from certain vertebrates . 
C H A P T E R 
F O U R 
THE CULTURE OF SILKWORM AND 
MOSQUITO CELLS IN, VITRO. 
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IN~L1RODUCTI0N. 
Following the establishment of strains of cells from 
ovarian tissue of the moth!• eucalypti, and the develop-
ment of techniques for handling them, renewed attempts 
were made to culture the cells of two other species of 
insect - the silkworm Bombyx mori and the mosquito Aedes 
aegypti. The development of strains of cells from these 
insects would be of great interest and importance . 
In the case of the silkworm there are several reasons 
for this interest. First , because of its importance in 
the silk industry, the silkworm has been studied more 
intensively in regard to its biochemistry , physiology, 
genetics and virus diseases than any other insect . This 
wide knowledge, coupled with the advantage of growing its 
cells in vitro could be used as a basis for investigating 
problems in several fields of entomology. Second, the 
silkworm is attacked by two viruses - a nuclear polyhedrosis 
virus and a cytoplasmic polyhedrosis yirus. Not much is 
known about the cytoplasmic polyhedrosis but the nuclear 
polyhedrosis has been extensively studied. If strains 
of silkworm cells were developed, it would be possible to 
make a comparative study of the replication of both a 
nuclear and a cytoplasmic polyhedrosis in cells from 
the same insect. A study such as this would be most 
difficult, if whole larvae were used . Third , more is 
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known about the chemical nature, morphology, ultra-
structure, and replication of silkworm nuclear polyhedra 
than of polyhedra from any other insect. This background 
of knowledge would be invaluable in determining the mode 
of development and replication of insect viruses in cells 
grown in culture. 
The ability to grow mosquito cells in culture would 
be of interest for the following reasons: the causal 
agents of many diseases, both viral and non-viral, that 
affect animals, are transmitted by mosquitoes. Some 
of these agents are borne in a purely mechanical way as 
in the case of myxomatosis, otners, after ingestion, 
multiply in the tissues of the mosquito, e.g. Murray Valley 
encephalitis, dengue fever , equine encephalomyelitis, 
Semliki f orest virus, malaria, etc. The most interesting 
feature of the viruses in this latter group is that they 
do not appear to cause a disease in the tissues of the 
insect vector. The successful propagation of mosquito 
cells in culture would almost certainly permit more 
intensive investigations to be made 01 the developmental 
stages or' these viruses than would be possible using 
infectivity assays or histochemical methods on whole 
insects. 
Both the silkworm and the mosquito have been used 
extensively in insect tissue culture. Silkworm ovarian 
tissue has been cultured many times (Trager, 193?; 
b6. 
Medvedeva, 1960; Vago, 1959; ~an Yin, et tl, 1959; 
Wyatt, 1956; Grace, 1958a). Primary cultures can be 
made in which cell proliferation will continue for 
several weeks. The cultivation of mosquito tissue and 
cells however has not been at all successful. In the 
majority of instances no growth has been obtained although 
the tis sues have survived r'or weeks (Beckel, 1 95b; 
Ball, 1956). In dipterous insects (flies and mosquitoes) 
the majority of the tissues, during larval life , do not 
grow by an increase in cell number but by an increase in 
cell size. 1'he only larval tissues in which mitotic 
divisions do occur are the nerves , fat body and hypodermis. 
Also, -che eggs of these insects are udeterminedn in the 
embryological sense in respect to the outcome of any 
particular cell. Thi s means that the fate of each cell 
is unalterable even before eclosion takes place and there-
fore it could be considered unlikely that undifferentiated 
growth would take place when the cells were placed1.n vitro. 
-
These reasons could very well account for the consistent 
lack of success in culturing dipterous tissues. 
For Lhe reasons given above and with the experience 
gained in establishing the strains of&• eucalypti cells, 
an attempt was made to develop strains 01 ce~ls from the 
silkworm and trom the mosquito. The results of these 
experiments are discussed in this chapter. 
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SILKWORM TISSUE CULTURE 
Ovarian tissue from the silkworm was used in all the 
experiments. The ovaries were removed from the last 
stage (5th instar) larvae that had ceased feeding and had 
started to spin their coccoons. Previous work (Grace, 
1958a) had shown that the ovaries at this stage gave the 
best growth in culture. 
The ovaries were obtained by removing the tergite 
from the 5th abdominal segment. They were then freed of 
any adhering fat body and other non-ovarial tissue and 
washed several times in saline solution. 
The method of culturing the cells was essentially the 
same as for the A• eucalypti cells. Some cultures 
consisted of cells from dissociated ovaries while others 
contained whole ovaries. The method of dissociating the 
ovaries was the same as for the A• eucalypti cells. The 
cultures to be described were set up in November 1962 in 
60 mm. diameter dishes . The cells from 10 ovaries or 
10 whole ovaries were placed in 4.0 ml. of medium in petri 
dishes which contained 1~ pieces of cover slip about 
0 . 5 cm. square. The cultures were incubated at 29°c and 
the medium was changed every 14 days . 
The medium used in the majority of cultures was the 
same as that used in the cultures of A• eucalypti cells. 
In some cultures the osmotic pressure of the medium 
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(0.96% Na Cl) was reduced to that of silkworm hemolymph 
(0.72% Na Cl) and 5% silkworm hemolymph ~as used 
instead of 5% eucalypti hemolymph. The use of this latter 
medium was discontinued when it was noted that the 
silkworm cells grew just as well in the medium used for 
the!• eucalypti cells, and also because the supply of 
silkworm hemolymph could not be maintained throughout the 
year. 
THE GROWTH OF THE CELLS 
(a) CULTURES CON1'AINING WHOLE OVARIES 
Cell migration in these cultures began after 4b hours 
and by the 9th day cells were scattered over the whole 
surface of the petri dishes. Many of the cells displayed 
amoeboid movements . 
Between 9- 16 days after initiation of the cultures the 
muscles of the ovarioles started to contract. The 
contractions were regular and strong and have continued for 
10 months (September 1963) . The first signs of muscular 
contractions of the ovarioles in the intact insect occur 
about j days after pupation when adult development is in 
progress; they are not observed during the larval stages. 
Over the next 3 months after initiation the number 
of cells around the explants slowly increased. Many of the 
cells at a distance from the explants became vacuolated 
and died . 
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During the ensuing 6 months very little cell 
multiplication occurred. Many cells near the explants 
remained healthy and cell divisions were observed 
occasionally, but very few healthy cells were found at a 
distance from the explants (Fig. 1). 
The morphology of the cells will be described in a 
later section. 
(b) CULTURES CONTAINING DISSOCIATED CELLS. 
Within 12 hours after the- cultures were initiated the 
majority of the cells had become attached to the surface 
of the culture vessels and many had put out long 
protoplasmic processes. During the next 4-5 days many 
cells died but by the 10th day the majority of the 
cultures were extremely healthy and dividing cells were 
observed in all parts of the culture vessels. Although the 
majority of cells remained unattached and moved over the 
surface of the culture vessel, some cells formed sheets 
that attached firmly to the glass surface. The cells 
composing these sheets divided and often one of the 
daughter cells would become detached and wander free. 
In some of the cultures short lengths of ovariole 
which were not dissociated started to show muscle 
contractions at 15-17 days. The sheaths surrounding the 
pieces of ovariole spread out into long protoplasmic 
extensions. 
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Fig . 1 . Cells from a culture of ovarian tissue from 
the silkwo r m (B . mori ) . 10th months in culture . 
X100 . Phase contrast . 
91 • 
These extensions eventually formed a network which 
contracted regularly and rhythmically (Fig . 2). Between 
the network, single cells were plentiful and 1rom daily 
observations by phase contrast microscopy it was apparent 
that many oi' these single cells were the result 01' 
divisions of cells in the extensions (Fig. j). 
Eight months after these cultures were set up the 
cell growth in one petri dish increased. A subculture 
was made two weeks later into a Porter flask. Three 
weeks after the first subculture another subculture was 
made, the cells being placed in a petri dish. Many of 
the cells in this subculture did not move apart after 
dividing and after a week numerous clumps of cells were 
present. 
The subcultures were made by taking j pieces of cover-
slip on which there was a healthy population of cells and 
transferring them to the new culture vessel. 'l'he medium 
ror these subcultures consis ted of na.Li' r'resn medium and 
hal1' medium from the parent culture. At each medium change 
since, half the medium has been renewed . 
lY10RP.tiOLOGt Ar GENERA CHARAC EHI S1l'ICS OJ:!' ~rtE CELLS 
The morpho.Logy 01 Lhe si.L.kworm cells is very similar 
to the eel.Ls or the!• eucalypti SLrains except that the 
largest cells are about 1?-20,,ain diameter whereas the 
largest cell s in the~. eucalypti cultures are up LO ~O.,,u. 
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Fig . 2 . Cells from silkworm ovarian tissue . 
Protoplasmic extensions have formed a network . 
b months in culture . X200 Phase contrast . 
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Fig . 3. Cells from a culture of silkworm ovarian 
tissue after 8 months in vitro . Many single cells 
have clustered along a protoplasmic extension . 
X200 Phase contrast . 
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in diameter. It appears also that there are at least 
three types 01 cell growing in these cultures which 
correspond in their morphology to the three types in the 
_. eucalypti cultures. 
The most common type is also the largest (15-20 in 
diameter) . This cell is round, has a distinct outline and 
does not appear to have much cytoplasm. These cells put 
out processes and move in amoeboid fashion. 
type of cell is about the same size (10-12 
The second 
) as the type 
j cells in the!• eucalypti strains. They are also 
round with a clear outline and a clear cytoplasm. The 
third type of cell is rather flat and the cytoplasm is 
spread out in a thin layer on the glass surface. The shape 
of this third type of cell is variable. Some are long , 
thin, elongated cells while in others the cytoplasm is 
round with numerous small processes projecting from it. 
Because of the variability in the shape of these cells 
their size has not been determined. There are three 
characteristics of these cells, however, in which they 
differ f rom~. eucalypti. Firstly , the large majority of 
the silkworm cells remain attached to the surface of the 
culture , very few are found floating freely in the medium . 
Secondly , although clumps of cells are present in Lhe 
transformed cultures most of Lhe cells remain single and 
move in a random fashion . The third and perhaps most 
interesting feature of these cells is the large network of 
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contracting tissue in the dissociated cell cultures. 
In some of these networks the contractions appeared to be 
co-ordinated and the whole mass contracted in unison . In 
others, some processes contracted independently of the 
others so that some parts were contracting while other 
parts were relaxing. 
DISCUSSION. 
There is little doubt that in one culture the cells 
have transformed. As only two subcultures have been made 
it is too early to say that a strain of cells has been 
established. 
The most interesting features of this investigation are: 
1) the silkworm cells grew just as well in the medium 
used for the!• eucalypti cells as in the medium 
containing silkworm hemolymph. This is perhaps 
not so surprising when it is realised that the 
original Wyatt 1 s medium , which is the basis of the 
medium used for the Antheraea, was formula~ed f or 
use in growing silkworm tissues . 
2) the history of the cultures up to their trans-
1ormation was almost identical with the history of 
the!• eucalypti cultures. It appears that if 
cultures are kept long enough they will eventually 
transform. Although, as stated in the introduction 
to this chapter, silkworm ovary tissue has been 
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cultured by several workers, in no instance were 
the cultures kept for more than about 6 months. 
3) the fact that the types of cells which are growing 
in these cultures are very similar to those in the 
Antheraea strains suggests that there are only 
certain cells from the ovariole that are capable 
of growth in vitro and that the other types of 
cell composing the ovary die soon after the cultures 
are initiated. 
MOSQUITO TISSUE CULTURE. 
To obtain mosquito tissues for culturing, larvae were 
grown aseptically (Akov, 1962, and see Appendix for 
composition of the medium for sterilizing the eggs). 
Larvae were removed aseptically from their growth medium 
and placed in sterile insect tissue culture medium which 
contained no hemolymph. The heads and tails were removed 
and the guts (alimentary canals) pulled out. The 
peritrophic membrane inside the guts, which contained food 
material, was removed and the guts and bodies were 
transferred to fresh medium and washed twice. The bodies 
were torn apart before being placed in the cultures. 
The bodies and alimentary canals of 3 larvae were 
placed in each culture vessel. Two types of vessel were 
used, Porter flasks and 3' x1/4" round-bot t omed tubes. 
The Porter flask cultures contained 0.9 ml. of medi um. 
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The tube cultures were placed at a slight angle from the 
horizontal. All the cultures were incubated at 29°c. 
Two culture media were used: 
1) the medium which is used for the growth of the 
!• eucalypti cell strains (Antheraea medium); and 
2) a medium devised by Clements ('mosquito• medium 
Table 1) which resembles the Antheraea medium but 
was modified to make it more like mosquito 
hemolymph . 
The concentrations of chloride ( 50 mM) , potassium (4 mM), 
and sodium (approximately 100 mM after aajustment with 
NaOH) resemble the concentrations of these ions in Aedes 
aegypti hemolymph. The osmotic pressure (2bb m-osmolar) 
also resembles the mosquito hemolymph . The pH of o.8 was 
used by Bradford and Ramsay (1949) for mosquito tissues. 
The amino acids were in the same proportions as the free 
amino acids in Aedes aegypti adults , but the total 
concentration was raised to that used in the Antheraea 
medium . a_. eucalypti hemolymph (5%) was also added . 
THE GHOWTH Ob l 'HE CELLS . 
(a) 0.t{'fEH FL SK ClJLl UhE~ . 
In October 1962, four cultures of mosquito tissues 
from 1st instar larvae were made . The medium used in 
these cultures consisted of half used medium from a~ day 
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T A B L E 1 • 
TISSUE CULTURE MEDIUM FOR MOSQUITOES (mg/100 ml.) 
Salts 
KCl 
NaCl 
NaHco3 
NaH2Po4 .2H20 
CaC12 
MgC12 .6H20 
Amino-acids 
L-Alanine 
~ -Alanine 
L-Arginine 
L-Aspartic acid 
1-Asparagine 
L-Cystine 
L-Glutamic acid 
L-Glutamine 
Glycine 
L-Histidine 
L-Isoleucine 
L-Leucine 
L-Lysine 
L-Methionine 
1-Phenylalanine 
1-Proline 
1-Serine 
L-Threonine 
L-Tryptophan 
1-Tyrosine 
1-Valine 
30 
152 
134 
114 
44 
102 
198 
4.5 
120 
4.5 
4.5 
4.5 
101 
66 
63 
71 
14 
14 
96 
12 
29 
4.5 
26 
14 
4 
4.5 
48 
Sugars 
Glucose 
Fructose 
Trehalose 
Sucrose 
Organic acids 
Malic acid 
a-Ketoglutaric 
acid 
Succinic acid 
Fumaric acid 
Sterols 
Cholesterol 
Antibiotics 
Penicillin 1 G1 
(Na salt) 
Streptomycin 
sulphate 
Vitamins 
Thiamine HCl 
Riboflavin 
70 
40 
200 
1,222 
67 
37 
6 
5.5 
0.02 
3 
10 
Ca pantothenate 
Pyridoxine HCl 
p-Aminobenzoic acid 
Folic acid 
0.002 
0 .002 
0.002 
0.002 
0 . 002 
0.002 
0.002 
0.002 
0.001 
0 .02 
Niacin 
i-inositol 
Biotin 
Choline chloride 
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old culture of a. eucalypti cells and half fresh 
Antheraea medium. To ensure that no Antheraea cells 
were transferred, the used mectium was centrifuged once 
at j,OOOg for 10 minutes and the supernatant was 
recentrifuged at 6,000g for 35 minutes. After the second 
centrifugation the supernatant from the top two-thirds 
of the tube was removed and used in the cultures. To 
two or these cultures phytohemagglutinin at a concentra-
tion of 200µg/ml. was added. This substance has been 
shown to induce mitotic divisions in leukocytes which 
normally do not divide (Nowell, 1960a, b; Hungerford , 
tl &, 19S9). 
the alimentary canals, whicn were contracting when 
dissected out of the larvae stopped about 30 minutes 
after being placed in the cultures. About 15 hours later 
contractions ~ere again evident and continued for 7 days; 
they then stopped and. did not start again. During this 
time the guts atfached. to tne glass surface but no cell 
migration occurred. For the next five months (April 1963) 
no cell migration occurred and there were no visible signs 
of differentiation in the larval bodies . However the guts 
flattened onto the glass. 
The addition of phytohemagglutinin was discontinued 
after February 19b3 when no dirrerence could be observed 
between the cultures containing it and those ~hat did not. 
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In May 1963, 7 months after the cultures were 
started, a few cells at the edge of a mass or tissue 
were observed in one of the cultures in whicn phyto-
nemagglutinin was originally added. Over tne next four 
weeks the number of cells increased to about two hunared 
but no mitotic divisions were observed. 1hen in July 
1903, in a small wass of cells , GWO cells were seen in 
metaphase (Fig . 4). Since this time several other cells 
have been seen o divide but divisions are uncon~ou. 
f en montns af~er ~ne cultures were initiatea ~here were 
stil.L a · ew nealtny cells but tnere was no active growtn 
taking place . 
(b) TUB~ GDLtUrt~b. 
Four tube cultures were set up in June 19oj and 
contained tissues from late instar larvae about to pupate . 
Two tubes contained 1mosqui~o meaium ana ~wo tuoes 
-
contained Antheraea medium . To both media 5~ ! • eucalypti 
hemolymph was added. 
As in the Porter f~asK cu.L~ures ~ne gu~s in al~ 
cultures stopped contracting when first placed in the 
cultures bu~ then resumed after about 15 hours . The gut 
tissue in the •mosquito• medium continued to con~ract for 
nine days before it fina~ly stopped whereas tnose in the 
Antheraea medium s·Gopped af1,er ? days . However , two days 
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Fig . 4. Cells from the mosquito Aede s aegypti 
grown in a Porter flask . 9 months after initiation. 
One cell is shown dividing . X200 Phase contrast . 
""' 
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after the cultures were made, cells had migrated from 
several masses of tissue in the Antheraea medium but no 
cell migration occurred in the 1mosquito 1 medium. It is 
not known from which tissues the cells were migrating 
as the larval bodies had been torn apart before being 
placed in the cultures . The number of cells continued to 
increase over the next two weeks . Most of the cells 
floated in the medium but many remained in clumps attached 
to the surface of the culture vessel . The first subculture 
was made on the 9th July . Free floating cells were 
transferred to a Porter flask and half fresh medium added. 
~he cells in this subculture remained healthy for only 
two days and then began to degenerate. A second subculture 
was made on the 16th July the same way as the first 
subculture . The cells in this subculture continued to 
live and have increased in number . Mitotic divisions are 
common in cells which form clumps on the surface (Fig. 5). 
Other cells have put out long fine processes and remain 
-
loosely attached to the culture vessel . 
A third subculture was made on the 22nd July but died 
after a few days . A fourth subculture, made on the 29th 
July has remained healthy and growth is evident. 
Since the beginning of August 1963, ten subcultures 
have been made . Each subculture consisted of 3 x 105 cells 
in 3 . 0 ml . of medium in 2 oz . bottles . The cells used for 
these subcultures were mostly those which float in the 
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Fig . 5. Cells from the mosquito Aedes aegypti 
that had been cultured for 2 months . The r ound 
cells , about 20,µ... in diameter have formed a loose 
cluster . Two cells are in metaphase . X200 
Phase contrast . 
d 
• 
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medium . The cells have also been grown in suspension 
culture s . The technique for these cultures was the 
same as that used for the!• eucalypti cells . In 
suspension the mosquito cells have a generation time of 
51 hours at 30°c. 
GROWTH OF THE MOSQUITO CELLS IN MEDIA CONTAINING 
A• pernyi HEMOLYMPH AND CALF SERUM. 
As a constant and large supply of A• eucalypti 
hemolymph cannot be assured , attempts have been made to 
grow the mosquito cells in!• pernyi hemolymph or calf 
serum. 
(a) GROWTH IN MEDIUM CONTAINING!• pernyi HEMOLYMPH 
In the initial experiments the cultures were set up 
in tubes 3" x 1/4» ID . Each tube contained 1 x 103 cells 
in 1.0 ml . of medium consisting of 0. 75 ml. of medium in 
which mosquito cells had grown for 3 days and 0.25 ml . of 
medium containing 10% ! • pernyi hemolymph . When more 
cells were available the cultures were set up in 2 oz. 
bottles containing 2 x 105 cells per millilitre of the 
same medium used for the tube cultures. 
Within 6 hours after setting them up the cells had 
flattened and become firmly attached to the glass surface. 
Five days later mitotic figures were observed and the 
cell number had obviously increased . However , unlike the 
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cells growing in medium containing only A• eucalypti 
hemolymph , these cells remained firmly attached to the 
glass with their cytoplasm spread very thinly or in long 
processes . Very few cells floated in the medium. 
One culture consisting of 2 x 105 cells/ml . in the 
same medium as the stationary cultures has been kept in 
suspension . The growth rate of the cells in this culture 
was practically the same as the growth rate of the 
suspended cells in medium containing only A. eucalypti 
hemolymph , i . e . 51 hours . 
(b) GROWTH IN MEDIUM CONTAINING CALF SERUM. 
The medium containing calf serum did not contain any 
insect hemolymph . Four concentrations of serum were 
used - 20%, 10%, 5% and 2. 5%. The cultures consisted of 
1 x 103 cells in 1 .o ml . of each medium . After 24 hours 
most of the cells had become attached to the glass but 
remained round in profile and did not flat t en out . After 
5 days many cells in the media containing 20% and 10% 
serum were granulated and degenerating . Very few 
granulated or dead cells were present in the media 
containing 5% and 2. 5% serum . Many of the cells in these 
latter cultures clumped together and occasionally cells 
in metaphase or late telophase were observed. 
As the cultures were set up on the 6th September it 
is too early to state with certainty that the cells will 
continue to grow. 
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MORPHOLOGY AND CHARACTERISTICS OF THE CELLS . 
There are a number of different types of cells in 
the cultures . The most common type is fibroblastic in 
shape and 40 -4~ long x 8 -10,u wide in size. These 
cells grow in clumps and are firmly attached to the 
culture vessel (Fig. 6). The second most common cell is 
round in outline, about 20.,.<.Lin diameter and has a 
granular cytoplasm (Fig. 7). Some of these cells grow 
in clumps loosely attached to the glass surface but the 
majority float in the medium. Cell divisions are 
frequently observed in these cells. There are several 
types of cells in the cultures, which are present in 
small numbers. Some of these are very large, round cells 
with a clear cytoplasm 55 -60~ in diameter which do not 
float. Another type puts out very long axon-like 
extensions and are firmly attached to the glass. 
DISCUSSION. 
It is not possible, at the present stage of these 
cultures to determine from what tissues the cells have 
grown . In last stage larvae about to pupate, the imaginal 
discs that will develop into the adult gut , wings, and 
other appendages have started to develop and it is 
likely that some of the cells could have come from these 
tissues. None of the cells, however , resemble fat body 
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Fig . 6 . Cells from the mosquito Aedea aegypti. 
From a culture 2 months old, showing a loose 
aggregate of fibroblastic-shaped cells. X100 
Phase contrast . 
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Fig . 7. The second most common t ype of cell 
found in a 2 month old culture of cells from the 
mosquito Aedes aegypti . X200 Phase contrast. 
-
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cells, which is one of the tissues in which mitotic 
divisions have been observed. 
The most significant features of these experiments 
have been: 
1) the growth of the cells in a medium designed for 
growing moth cells and the absence of growth in 
a medium which more closely resembled the 
composition of mosquito hemolymph; 
2) whereas in primary -cultures of ovarian tissue from 
moths, cell growth and migration slows down 2-3 
months after cultures are initiated, the growth 
of the mosquito cells has continued. In a period 
of 3 months it has been possible to subculture 
the cells 13 times. 
3) it appears that the stage of the larvae from 
which the tissues are taken for culture is important. 
In the cultures of 1st stage larvae set up in 
October 1962 no cell growth or migration occurred 
for 7 months whereas in the ~arvae about to pupate , 
cell migration began two days after setting up 
the cultures. 
4) the most s~gnificant result of these experiments is 
that, under the appropriate conditions, mosquito 
cells will grow in vitro. If the cultures can be 
maintained in a state of active growth many 
important studies can be undertaken, not only in 
l 110. 
regard to the arboviruses but to other organisms 
of medical importance which multiply and are 
transmitted by mosquitoes, e.g. Plasmodium and 
trypanosomes. 
The only other experiments in which cells from a 
Dipterous insect have grown as evidenced by mitotic 
divisions were those of Trager (1959). In an investigation 
primarily concerned with elucidating the development 
cycle of Trypanosomes , Trager cultured various tissues of 
the tsetse fly (Glossina palpalis) in hanging drops or 
Porter flasks. The culture medium consisted of salts, 
organic acids, trehalose, glucose and lactalbumin 
hydrolysate. Sheep serum (20%) and an extract of tsetse 
fly pupae were also added. In this medium, cells from 
the brain, digestive tract, and spermathecae proliferated 
and mitotic divisions were observed for 26 days. Some 
imaginal discs developed and the eyes differentiated and 
became pigmented. 
C H ·A P T E R 
F I V E 
THE GROWTH OF INSECT VIRUSES IN 
CULTURED INSECT CELLS. 
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rne polynedral viruses of insects are of ~wo main 
types . ~uclear polyheara are f ormed in Lhe nucle~ of cells 
01 tne rat body , ovaries, and various otner tissues , and 
tneir virions (virus particles) are e~ongate roas. the 
cytoplasmic polyhedra have been recorded only in the 
cytoplasm of cells or' the miagut epitnelia and their virions 
are approximately spherical (Xeros, 1952). 
A cytoplasmic polyhedrosis infecting the midgut of the 
silkworm~- mori was described by Ishimori (1934). Since 
that time many cytoplasmic polyhedroses have been recorded 
in other lepidopterous larvae. The only tissue in which 
these cytoplasmic polyhedral bodies have been observed is 
the epithelium of the midgut . 
A cytoplasmic polyhedrosis occurred in 1959 in larvae 
of.&,. eucalypti bred in the laboratory (Grace, 1963). The 
disease has not been recorded from the field . During the 
past two years numerous attempts haye been made to infect 
the cells of primary ovarian cultures of!• eucalypti with 
virus from either!• eucalypti larvae infected with this 
polyhedrosis, or from~. mori larvae infected with a 
nuclear polyhedrosis, with no success. In this chapter 
experiments will be reported in which, following the 
inoculation with a suspension of medium which contained 
many polyhedra and virions from a~. mori cell culture 
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infected with a nuclear polyhedrosis, a cytoplasmic 
polyhedrosis developed in ovarian cell cultures of A• 
eucalypti. 
MATERIALS AND METHODS . 
CELLS. 
These were obtained from the ovaries of either diapaus-
ing pupae of A. eucalypti or spinning (prepupal) larvae of 
~. mori. The method of preparing the cultures has been 
described in Chapter 3 for the Antheraea cells and Chapter 
4 for the silkworm cells. 
VIRUSES. 
Bombyx larvae frequently suffer from a nuclear poly-
hedrosis. ~. mori ovarian cells removed from larvae at a 
very early stage of infection, before any symptoms of the 
disease were apparent, and propagated in culture, contained 
some visible nuclear polyhedra 2 days after culture; after 
4 days most cells had broken down, liberating many polyhedra. 
Similar results were obtained by Trager (1935). The virus 
from these cultures constituted the material which provoked 
a cytoplasmic polyhedrosis in the Antheraea cells. 
LARVAE. 
A few feeding experiments were carried out in which 
polyhedra from both the infected A. eucalypti and 
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~. mori cultures were fed to third instar silkworm and 
Antheraea larvae. 
MEDIUM. 
The medium used was a modification of that described 
by Wyatt (1956). Its composition is given in Chapter 2. 
CELL CULTURE EXPERI:MENTS . 
ADDITION OF MEDIUM FROM INFECTED~. mori CULTURES 
TO!• eucalypti CELLS. 
The medium used in these experiments contained many 
nuclear polyhedra and about 24 hours after the addition of 
the medium large numbers of the Antheraea cells contained 
nuclear polyhedra within the cytoplasm. Apparently the 
polyhedra, added in the medium, had been phagocytosed by 
the cells. The fate of the phagocytosed nuclear polyhedra 
has not been determined. They do not dissolve but remain 
visible up to the time the cells were filled with 
cytoplasmic polyhedrao 
Nine days after medium from the infected~. mori culture 
was added to the A. eucalypti culture, groups consisting 
of 3-10 polyhedra tightly packed together could be seen 
in widely separated regions of the cytoplasm. The groups 
enlarged, and 48-65 hours later the cytoplasm was filled 
with polyhedral bodies (Fig . 1 ). Figure 2 shows the 
development of polyhedra within the cytoplasm of a single 
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Fig . 1. A single cell from 
Antheraea eucaly2ti ovarian 
in vitro . The cytoplasm is 
polyhedra . Magnification: 
contrast. 
a culture of 
cells grown 
filled with 
x200, phase 
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cell, photographed at 16, 24, 28, 4~ and 88 hours 
after the appearance of the cytoplasmic polyhedra on the 
ninth day . The polyhedra developed at one end of the 
cell and gradually increase in number until the cytoplasm 
was filled . By the fourth day after the appearance of 
the polyhedra some of the cytoplasm, heavily vacuolated, 
was extruded from the cell (Fig. 2) . 
On four separate occasions cytoplasmic polyhedra 
developed in the Antheraea cells 9, 10, 14, or 22 days 
after the addition of medium from either one or two 
infected~. mori cultures . The inoculum for two of the 
cultures consisted of medium containing nuclear polyhedra 
and for the other two cultures consisted of medium in which 
the polyhedra and cell debris were removed by centrifugation 
before the preparation was added to the Antheraea cells. 
No cytoplasmic polyhedra developed, however, in a fifth 
culture to which the latter inoculum was added. In no 
instance did polyhedra develop in the nuclei of the 
Antheraea cells . 
ADDITION OF WASHED~. mori NUCLEAR POLYHEDRA TO 
~ . eucalypti CELLS . 
It is very probable that the medium used in the 
experiments just described contained virions which had not 
been occluded into polyhedra. If this was so it is almost 
certain that the polyhedra in the medium had virions on 
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Fig . 2 . The development of polyhedra within the cytoplasm 
of a single cell from a culture of Antheraea eucalypti 
ovarian cells grown in vitro . 
A. 9 day s after medium from a culture of~. mori cells 
infe cted with a nuclear polyhedrosis was added. 
B. 16 hours later than A. 
c. 24- hours later than A. 
D. 28 hours later than A. 
E., 48 hours later than A. The cytoplasm is filled 
with polyhedra . 
F . 4-0 hours later than E. Some of the cytoplasm, 
heavily vacuolated is being extruded from the cell . 
Magnification X200, Phase contrast . 
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their surface which could have been responsible for 
infecting the cells . To determine whether the polyhedra 
could initiate infection the following experiment was 
carried out . 
Approximately 2 x 106 nuclear polyhedra from an infected 
silkworm ovarian culture were washed 3 times in sterile 
distilled water . After the third wash the polyhedra were 
concentrated by centrifuging at 1,000 g for 10 minutes. 
The water was decanted and the polyhedra were washed twice 
more with 1 . 0 ml . of insect tissue culture medium . After 
the polyhedra were spun down they were added to two 
cultures of actively growing A• eucal¥})ti cells . 
There was no sign of infection in either of the two 
cultures 35 days after the polyhedra were added . 
ADDITION OF FREE VIRUS PARTICLES FROM CYTOPLAS~IC 
POLYHEDRA OF!• eucalypti TO THE!• eucalypti CELLS 
GROWN in vitro. 
Although many attempts were mad~, it was never possible 
to infect the Antheraea cells with cytoplasmic polyhedra 
from diseased Antheraea larvae . There could be two 
reasons for this: 
1) in cleaning the polyhedra from the larvae, any virus 
which adhered to the surface was washed off; and 
2) the intact cytoplasmic polyhedra are non-infectious. 
Attempts were made therefore, to infect the cells with free 
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virions obtained by dissolving the cytoplasmic polyhedra. 
Five milligramrres of cytoplasmic polyhedra from 
infected a. eucalypti larvae were dissolved in 1 .o ml . of 
2% sodium carbonate (Na2C03) for 2 minutes. At the end 
of this time the volume was made up to 30 ml . with 
distilled water . The suspension was centrifuged at 5,000 g 
for 10 minutes to remove any large debris. The supernatant, 
containing virus particles and polyhedral protein was 
centrifuged at 30,000 g fo'r 30 minutes to pellet the virus . 
The supernatant was discarded and the virus was resuspended 
in distilled water and recentrifuged at 30,000 g for 30 
minutes . The resulting pellet was resuspended in 1 .o ml . 
of sterile insect tissue culture medium. 
To each of two cultures of cells in which the medium 
had been removed, 0 . 5 ml . of medium containing the free 
virions was added . After 30 minutes the cells in one 
bottle were washed with 3 . 0 ml . of medium to remove any 
free virus . The virus solution was allowed to remain in 
the other culture. Medium (3.0 ml . ) -was added to each 
culture and they were incubated at 29°c . 
No polyhedra appeared in the cells until 17 days after 
infection . Both cultures showed infected cells. At first 
polyhedra were present in only a few cells widely separated 
from each other but during the next 15 days practically 
every cell in both cultures contained polyhedra . 
, I 
l 
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PASSAGE OF THE CYTOPLASMIC POLYHEDROSIS IN ANTHERAEA CELLS. 
The cytoplasmic polyhedrosis has been taken through 
nine serial passages in the Antheraea cell cultures. The 
method used consisted of removing medium from an infected 
culture , centrifuging off the polyhedra and cell debris 
and adding 1 . 0 ml . of the supernatant to a healthy culture. 
Usually the first signs of polyhedral development were 
evident 1 3-1 5 days after i -nfection. 
SPOITANEOUS EVELOPMENT Ol CYTQ_tJLASNIC POLYli~DRA . 
As stated in the introduction to tnis chapter, the 
cytoplasmic polyhedrosis viruses have only been observed in 
the cytoplasm of midgut cells in larvae . In a culture of 
Antheraea cells which had been growing for 10 months and 
in 5 subcultures derived from it, polyhedra appeared in 
the cytoplasm of the cells . None of these cultures were 
contaminated with virus . The possibility that the cultures 
were contaminated with virus can be virtually excluded. 
The infected cultures and the normal cultures were always 
kept isolated from one another and stringent precautions 
were taken at all times when the infected cultures were 
handled , to prevent contamination. 
In the following history 01 the cultures mentioned 
above all intervals are measured in months from the 
initiation of the parent culture. At 6 months the parent 
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culture had altered so that the cells multiplied 
continuously (so-called transformation, see Chapter 3.). 
Two of the five subcultures were started at 'i and b months 
the other three subcultures were started at d1, 9 and 9i 
months. The virus appeared first in the second subculture 
at 9i months and then in the parent culture at 10 months. 
The other four subcultures showed virus infection at the 
same time, i.e 10~ months. The spontaneous development 
of polyhedra in the cultured cells has not occurred again. 
THE J.v10hPHOLOG.Y OF THE Il'J.fl!:C'I'ED CELLS. 
The morphology of the infected cells changed as the 
polyhedra developed within them. In the control cultures 
the cells were either fibroblastic in shape or slightly 
rounded, more or less uniform in size, and with a clear 
cytoplasm. The cells changed their shape as they moved 
slowly, in a random fashion, over the surface of the 
culture vessel. Infected cells enlarged and the cytoplasm, 
which spread in a thin layer across the surface of the 
culture vessel, became rounded in outline. As the polyhedra 
increased in number, large vacuoles appeared in the cyto-
plasm. Many cells although pacKed with polyhedra, still 
showed some movement, but they did not move as actively as 
the uninrected cells. 
!VlU.ttl:.> ttULuu J'.. (J_tt ' .1:-'UL.Y.MlJrtA. 
In Fig. 3 tne morpho~ogy of tne cy~op~asmic polyhedra 
Fig . 3. 
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A. Polyhedra from a culture of Bombyx mori ovaries 
showing nuclear polyhedra, 2. 5 -7. ~ . 
B. Polyhedra from a cell culture of Antheraea eucalypti 
ovaries grown in vitro and showing cytoplasmic 
polyhedra , 1 . 3 - 5 . 0AJ..• 
C. Polyhedra (1.3 -4. q..u) from Antheraea eucalypti 
infe cted with a cytoplasmic polyhedrosis of the 
midgut. 
Magnification X600, Phase contrast . 
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which grew in the A• eucalypti cell culture is compared 
with that of cytoplasmic polyhedra from diseased 
Antheraea larvae and the nuclear polyhedra from the 
infected Q• mori cultures. The polyhedra from both the 
Antheraea cell culture and the Antheraea larvae are 
considerably smaller than the nuclear polyhedra from the 
~ . mori cell culture. The sizes of the polyhedra from the 
three sources are : ~ . mori cell culture, 2. 5 -7 . ~ ; 
A. eucalypti cell culture, 1.3 -5.0,,u; ! . eucalypti larvae, 
1 . 3 - 4 .0_µ. The polyhedra from the Antheraea cell cultures 
are predominantly cuboidal in shape; a few are triangular 
or hexagonal in profile. The polyhedra from the diseased 
Antheraea larvae are approximately the same size as those 
from the Antheraea cell cultures, but there are fewer 
triangular and cuboidal polyhedra . The nuclear polyhedra 
from the~. mori cell cultures are uniformly hexagonal 
in profile . Thin sections of infected Antheraea tissue 
culture cells were examined in the elctron microscope and 
the polyhedra were typical of cytoplasmic polyhedra from 
other species (Fig . 4) (Smith, 1956) . 
CROSS INFECTIVITY EXPERIMEN1S . 
In experiments in whicn nuclear polynedra from aiseased 
si.LKworm larvae were fed to Antheraea larvae it was never 
possible to infect the Antheraea larvae . hen cytoplasmi c 
polyhedra from Antheraea larvae were fed to silkWorm 
larvae, about j070 of the silkworms died of a cytoplasmi c 
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Fig . 4. Electron micrograph of a thin section of 
Antheraea eucalypti ovarian cells showing polyhedra 
in the cytoplasm. 
CP - Cytoplasmic polyhedra 
V - Virus particles 
CM - Cell membrane . 
Magnification X20,000. 
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polyhedrosis of the midgut. It was of interest, 
therefore to see whether the cytoplasmic polyhedra which 
had developed in the cultures of Antheraea cells were 
capable of infecting either Antheraea or silkworm 
larvae (cf. Smith and Xeros , 1953) . 
Ten A• eucalypti larvae which had moulted 1-2 days 
previously into the third instar were divided into two 
groups . One group was fed nuclear polyhedra from the 
~ . mori culture, and the other group was fed cytoplasmic 
polyhedra which had been passaged once in A• eucalypti 
cells. The larvae were fed the polyhedra on three 
consecutive days; the results are shown in Table 1. 
Although the number of larvae used was small, those 
which were fed the cytopla smic polyhedra from the 
Antheraea culture all died within 11 days . The infected 
larvae showed typical symptoms of a cytoplasmic poly-
hedrosis, and on dissection the midgut cells were found 
to be packed with polyhedra . No polyhedra or any sign 
of infection was observed in the ovaries or other tissues 
of the larvae . The single Antheraea larva which died 
after being fed the~. mori nuclear polyhedra also showed 
a cytoplasmic polyhedrosis of the midgut . None of the 20 
control larvae died of a virus disease . 
In two experiments , third instar silkworm larvae were 
fed either cytoplasmic polyhedra from the Antheraea 
cultures or nuclear polyhedra from the~. mori cultures . 
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TABLE 1. 
THE INCIDENCE OF POLYHEDROSIS IN Antheraea eucalypti 
LARVAEa AND Bombyx mori LARVAE. 
Number Number of larvae dead of: 
of Treatment Pupated larvae Other 
treated Polyhedrosis causes 
Antheraea 
larvae 
Fed B. mori 
1 (20 days)b polyhedra 5 0 4 
Fed!• 5 5(10-11 days) 0 0 
eucalypti 
polyhedra 
Control 20 0 0 20 
£ • mori 
larvae 
Fed£• mori 15 15(5-13 days) 0 0 
polyhedra 8 8(7 - 15 days) 0 0 
Fed h,. 1 5 0 
1(14 days)c 
0 15 
eucaly:12ti 8 3 4 
polyhedra 
Control 10 0 0 10 
10 0 0 10 
a . The larvae were fed either nuclear polyhedra f rom 
infected£• mori ovarian cells or cytoplasmic 
polyhedra from infected ovarian cells of A. 
eucalypti. Both the£• mori and A• eucalypti 
cells were grown in vitro. 
b . The number of days from the first feeding of 
polyhedra until the death of the larvae . 
c. Larva died of a double infection (i.e . both 
a cytoplasmic and a nuclear polyhedrosis) . 
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The results are also shown in Table 1. All the larvae 
which were fed the nuclear polyhedra died 5-15 days 
after infection with typical symptoms of a nuclear 
polyhedrosis. Of the larvae which were fed the 
Antheraea polyhedra, 19 survived and eventually pupated, 
three larvae in one group died with a bacterial infection, 
and one died with both a nuclear and a cytoplasmic 
polyhedrosis. 
Medium from Antheraea cell cultures infected with a 
cytoplasmic polyhedrosis and medium from silkworm 
ovarian cultures infected with a nuclear polyhedrosis 
were also added to~. mori cell cultures. The cultures 
used in this experiment consisted of dissoc iated cells 
which had been initiated 5 weeks previously. No disease 
had occurred in the cultures during this period. 1he 
nuclei of the cells in the cultures infected with the 
medium from the silkworm cultures were packed with 
polyhedra after three days (Fig . 5) . No sign of polyhedra 
developed in the cultures infected with medium from the 
Antheraea cultures. 
DISCUSSION . 
Although the development of nuclear polyhedra in 
insect cells grown in vitro has been reported by Trager 
( 1935) , Grace ( 1 96b) , and. 1artignoni ana Scallion ( 1 961 ) , 
there are no previous reports of ~he aevelopment 01 a 
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Fig . 5. Polyhedra in the nuclei of silkworm ovarian 
cells, 3 days after medium from a culture of silkworm 
cells infected with a nuclear polyhedrosis was added . 
Magnification X200 , Phase contrast. 
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cytoplasmic polyhedrosis in insect cells grown in 
vitro . In infected larvae, the cytoplasmic polyhedra 
are found only in the midgut cells, which so far 
have not been cultured. It should be emphasised that 
it has not been proved that the cytoplasmic virus which 
grew in the cell cultures is the same as the virus 
which grows in the midgut cells of the larvae. 
The first appearance of the cytoplasmic polyhedra 
in the Antheraea cultures occurred after the addition 
of medium from a culture of silkworm cells infected 
with a nuclear polyhedrosis. Cytoplasmic polyhedra 
have also developed, spontaneously, in a culture of 
Antheraea cells which had been established for 10 
months, and in five subcultures derived from it. 
These observations can best be interpreted to mean 
that the Antheraea ovarian cells carried an occult 
infection (as defined in Andrewes, et. al., 1958). 
Under the stimulus of either the foreign nuclear virus, 
in one instance, or of some unknown stressor in the 
cultures in which polyhedra developed spontaneously, 
"infectious virus was produced. 
The suggestion that the ovarian cells contain a 
cytoplasmic virus in an occult form gains support from 
the following observations: 
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1) the virus which provoked the cytoplasmic virus in 
the Antheraea cells grew only in the nuclei of 
the~. mori ovarian cells. It is most improbable 
that the nuclear virus would develop in the 
cytoplasm of cells in any insect; 
2) electron micrographs of thin sections of the 
cytoplasmic polyhedra show the virions to be 
spherical. This is the typical shape of the 
virions in other -cytoplasmic polyhedra. In the 
nuclear polyhedra the virions are elongate rods; 
3) some insect viruses are transovarially transmitted. 
If the virus is present within the egg, it is 
highly probable that it is passed into embryonic 
cells and later into the tissues of the larva, 
where it may remain in an occult form. 
4) The spontaneous development of cytoplasmic polyhedra 
in several cultures also suggests that the cells 
contained a cytoplasmic virus. 
The cytoplasmic virus, derived from the cell cultures, 
caused an infection when fed to Antheraea larvae . It 
cannot be decided on the present evidence whether the 
virus caused a superinfection in the larvae to which it 
was fed or whether it induced a latent infection to 
manifest itself in the midgut cells. 
Important questions which arise from these studies 
are the fate of the 1 inducing 1 virus and the manner in 
130. 
which it provoked the development of the cytoplasmic 
polyhedrosis . The results of the experiments show that 
the virions are necessary for induction to take place, 
and the intact polyhedra are incapable of inducing the 
cytoplasmic virus . As the development of the cytoplasmic 
polyhedrosis did not take place uniformly in all cells, 
some cells could have been infected by cytoplasmic virus 
liberated from infected cells in the cultures . 
Four major points emerge from this study: 
1) ovarian cells of A• eucalypti have supported the 
growth of a cytoplasmic polyhedrosis; 
2) elec tron micrographs of polyhedra which grew in the 
cytoplasm of cultured cells, prove that they were 
characteristic of the cytoplasmic polyhedra which 
develop in Antheraea and other species of insect; 
3) the cytoplasmic polyhedra from the Antheraea cultures 
cause infection when fed to larvae; 
~) the evidence supports the view that the virus of the 
cytoplasmic polyhedrosis was latent in the Antheraea 
ovarian cells . 
C H A P T E R 
S I X 
GENERAL DISCUSSION -
INSECT CELL CULTURE~ 
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INTRODUCTION . 
In Chapter 1 of this thesis it was shown that the 
lack of an adequate medium was mainly responsible for 
the slow progress in insect cell and tissue culture 
compared to vertebrate and plant tissue culture . As 
knowledge of the composition of insect hemolymph increased, 
its application in the design of culture media resulted 
in the survival and growth of insect tissues in vitro 
for longer and longer periods until at the present time 
it is a relatively easy matter to grow cells in primary 
cultures from several species of moth, and from mosquito 
tissues . 
From the historical survey it is also obvious that the 
direct application of fluids and culture media used for 
vertebrate tissues to insect cell and tissue culture was 
unsuccessful . It is therefore worthwhile to examine the 
fluids and tissues of insects in order to see how they 
differ from those of vertebrates . 
CHARACTERISTICS OF INSECT HEMOLYMPH AND TISSUES . 
THE HEMOLYMPH. 
At the metabolic level, insects and vertebrates are 
remarkably uniform and many of the fundamental metabolic 
pathways are similar (Gilmour , 1961 ) , but there are a 
number of differences between vertebrate blood and insect 
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hemolymph which must be taken into account when designing 
culture media. It should be realised that a thorough 
knowledge of the chemical composition of hemolymph does 
not a priori lead to the formulation of a culture medium 
which will support the growth of cells for long periods, 
but this knowledge is necessary as a guide upon which to 
base the composition of the medium. This has been borne 
out by the way in which the increased knowledge of the 
chemical and physical properties of insect hemolymph 
has enabled media to be devised which will maintain 
insect cells in vitro for much longer periods than was 
previously possible. 
Hemolymph is the only body fluid present in insects 
and serves the function of both the blood and lymph of 
vertebrates. As there are no blood vessels except the 
tubular heart, the hemolymph fills the body cavity. It is 
rather surprising that whole, untreated hemolymph is very 
toxic to cells in culture (Grace, 195ba). In part the 
reason for thisis the deposition of brown quinone 
substances when the hemolymph comes into contact with air, 
due to the action of the polyphenol-polyphenoloxidase 
system. ln some studies the enzyme was blocked by 
glutathione or phenyl-thiourea (Schmidt and Williams , 195j; 
Wyatt, 1956) but the most effective method consists of 
heating the hemolymph at 60°c for 5 minutes and then 
deep-freezing it (-20°c) for at least 24 hours , after which 
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the precipitated proteins and cell debris are removed 
by centrifugation. hole hemolymph, however, in which 
a reducing agent has been added to prevent darkening, 
will not support cell growth as well as hemolymph which 
has been heated. Although the hemolymph circulates freely 
through the body of the insect it is unlikely that it is 
in direct contact with the tissues, but is separated from 
them by differentially permeable membranes. If this is 
so it is probable that the· fluids in contact with the 
tissues represent only a part of the hemolymph. 
This may partly explain why complete hemolymph, which 
is toxic to the tissues, is improved for culture purposes 
if much of the protein is precipitated by heating. The 
dialysis experiments described in Chapter 2 also suggest 
that it is the small molecular fraction which is important 
for growth, the large molecular fraction being inhibitory. 
The hemolymph is not used as a carrier of respiratory 
gases . In most species of insects gas exchange is 
carried on through a complicated tracheal system through 
which the gases pass by diffusion. Each trachea ends in 
fine tracheales which lie in close contact with the 
tissues. 
Perhaps the most characteristic f eature of hemolymph 
is the presence of high concentration of fr ee amino acids. 
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In human plasma the amino nitrogen content amounts to 
about 5mg . % while in insects it may be 70 times this 
amount (Scarlet, Duchateau and Florkin, 1952a, b). In 
the pupae of some species of Saturniid the free amino 
acid content has been found to be 20 g/litre . In the 
silkworm (~ . mori) it is between 8-15 g/litre . All the 
twenty- one amino acids may be present, although the 
number and the concentrations may vary considerably, 
between species, and between stages in the one species . 
The high concentration of glutamine and proline, as well 
as one or more of the basic amino acids (arginine, 
histidine or lysine) is a common feature of hemolymph 
(Wyatt, 1961) . Table 1 sets out a comparison of the 
free amino acids in vertebrate and insect plasma and 
tissue culture media . 
The amino acids contribute 40% or more of the total 
osmotic pressure of the hemolymph . In man 92% of the 
osmotic pressure is due to inorganic ions and only about 
1,% to the amino acids (Martignoni, -1960). 
CARBOHYDRATES . 
For many years insect physiologists were puzzled 
by the observation that hemolymph contained small 
quantities of sugars . Glucose and fructose were found 
only in small amounts and the reducing substances were 
for the most part non-fermentable. The problem was solved 
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TABLE 1. 
A COMPARISON OF THE FREE AMINO ACIDS IN VERTEBRATE 
AND INSECT PLASMA AND IN TWO TISSUE CULTURE 
MEDIA (mg/100 ml) 
alanine 
arginine HCl 
aspartic acid 
asparagine 
cystine-cysteine 
glutamic acid 
glutamine 
glycine 
histidine 
isoleucine 
leucine 
lysine 
methionine 
phenylalanine 
praline 
serine 
threonine 
tyrosine 
tryptophan 
valine 
~-alanine 
TOTAL 
Human 
Plasma* 
3.41 
1 • 51 
0.03 
0.58 
1 .18 
0.70 
8.30 
1.54 
1 .15 
0.89) 
1.69) 
2.72 
0.38 
o.84 
2 .36 
1 .12 
1 .39 
1 .03 
1 • 11 
2.88 
34.8 
Bombyx 
mori 
blood+ 
50 
28 
10 
59 
0 
10 
14-3 
73 
- 273 
29 
164 
14 
1 1 
36 
111 
36 
31 
23 
1101 
CMRL 1066 
¢ 
(used for 
vertebrate 
cells) 
2.5 
7.0 
3.0 
28.0 
7.5 
10 .o 
5.0 
2.0 
2.0 
6.0 
7.0 
1 • 5 
2.5 
4.o 
2.5 
3.0 
4.o 
1 .o 
2.5 
101 .o 
* Stein and Moore (1954) 
+ Wyatt sLt. .§;1 (1956) 
¢ Parker g_t_ gl (1957) 
o Grace (1962) 
Grace's 
medium 
(modified 
from 
Wyatt) o 
22.5 
70 
35 
35 
2.5 
· 60 
60 
65 
250 
5 
7.5 
62.5 
5 
35 
15 
110 
5 
10 
17 .5 
10 
20 
902.5 
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by the discovery of -yatt and Kalf (1957) of large 
quantities 01 the non-reducing disaccbaride trehalose , 
in silkworm hemolymph . Trehalose represents about 90% 
of the total hemolymph sugars . Fructose, sucrose and 
glucose make up the other 10%. The possibility that 
trehalose may be important in growing cells in vitro 
was studied by Grace (1958a) . In some experiments the 
medium contained glucose and fructose and the sucrose 
was replaced by trehalo se; in other media trehalose was 
the only carbohydrate added . There was no obvious effect 
on the growth rate in media containing trehalose , fructose 
and glucose , but in media containing only trehalose the 
growth rat e was retarded . When this problem was 
investigated , however, using c14 labelled trehalose it 
was shown that the cells utilise trehalose at a rate not 
much slower than the utilization of glucose (Chapter 2) . 
In many insects , especially those which overwinter in 
cold climates , there are appreciable quantities of free 
glycerol , e . g . diapausing pupae of Hyalophora cecropia 
contain 2 . ~ g/100 ml . of hemolymph (Wyatt and Meyer , 1959). 
This could be used as an energy store but it is more likely 
that its main function is as an antifreeze . 
IONIC CONPOSITIOI . 
A defined physiological salt solution is necessary to 
maintain tne pH and osmotic pressure of the medium as 
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well as providing the cells with essential inorganic 
ions . The majority of "balancedtr salt solutions 
designed for use with insects have been empirical mixtures 
based on vertebrate physiological solutions . 
In hemolymph the content of magnesium is relatively 
high and chloride has been largely replaced by organic 
constituents both osmotically and in regard to cation 
balance . Bialaszewicz and Landau (193b) and Tobias (194b) 
have shown that the content of potassium is high compared 
with sodium . The mole ratio 01 sodium to potassium 
ranges from 0 . 1-25 in hemolymph; in the blood of man it 
is 29 . Usually and with only a few exceptions, the 
phytophagous insects have ratios less than 1, the 
carnivorous insects greater than 1 and the omnivorous 
species have ratios which fall between these limits 
(Buck , 1953) . It appears that the ratio is genetically 
fixed and is maintained through effective regulation of 
the ion content of the hemolymph, and is unaffected by 
changes in diet . 
The intercellular ~a/K ratio however, is about the 
same as in man (O . j-0 . 4). The fact that the potassium 
content in the tissues can remain high even when potassium 
happens to be low in the hemolymph has suggested that 
insect tissues may be less sensitive to changes in ion 
concentration than vertebrates . The survival, for up to 
a few weeks, of insect tissues in media such as T.C . 199 
J 
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(Loeb and Schneiderman, 1956; Beckel, 1956); diluted 
sea water (Lewis and Robertson, 1916; Stern, 1940) and 
Locke's solution - which was originally designed for 
maintaining frog tissues (Lewis and Robertson, 1916; 
Glaser , 1917) supports this view . The salt solution 
used by Trager (1935) for culturing ovarian tissue of 
the silkworm(~. mori) had a high content of sodium 
chloride . Wyatt (195b) investigated the possibility that 
Trager•s medium might be improved if the ratio of sodium 
to potassium was adjusted to that found to occur naturall y 
in silkworm hemolymph , but changing the ratio did not 
affect the growth of the cells. 
The buffering capacity of hemolymph depends mainly 
on bicarbonate, phosphates (both organic and inorganic) 
and histidine and in addition protein could act as a 
buffer over a wide range . The presence of organic 
ph?sphates in hemolymph is one of its unusual and 
characteristic features because in vertebrates organic 
phosphates occur only in the cells. - The buffering 
capacity of these compounds is high, being sufficient to 
balance j0- 40% of cations present (Wyatt, 1961 ). It is 
probable that the carbonyl groups of the amino acids and 
other organic acids act as buffers on the acid side, 
and the imino groups o1 ~he amino acids on the a lkaline 
side . 
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ORGAl~lG ACIDS. 
The high proportion of organic acids in hemolymph 
suggests that they are signi!'icant intermediary 
metabolites. Wyatt (1956) found malate to be stimulating 
when tested alone and that a mixture of malate , 
ketoglutarate, succinate and fumarate resulted in 
marked stimulation of growth, but citrate and lactate 
had no beneficial effect tn culture media . Shaw (1955) 
founa ethanolamine phosphoric acid in grasshopper 
embryos and thought that it might be important as a 
constituent in media for embryonic tissues , but its 
addition had no effect. 
VITANINSo 
Insects do not require vitamins A, c, Dor E but they 
do need certain of the B vitamins necessary for vertebrates. 
Grace (195ba) incorporated biotin, folic acia, nicotinamiae, 
pantothenate, pyridoxal, thiamine, riboflavin, choline, 
p-aminobenzoic acid and meso-inositol into Wyatt's 
medium which J_acKea -chese factors . An improvement in the 
appearance 0 1 the cells resulted but no efrect on mito-cic 
rate or on cell survival was noted, but on reinvestigation 
Grace (unpublished observations) the presence of the ten B 
vitamins has been tound to be essential for growth of 
insect cells in culture . 
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Although certain sterols (especially cholesterol) 
are essential dietary constituents of insects Grace 
(195ba and unpublished observations) found no effect on 
tissue cultures of O.Oj mg/ml. of cholesterol. 
The growth and metamorphosis of insec ts is SLrictly 
controlled by hormones wnich are carriea to their site 
of action in tne hemolymph. In some of the early studies 
on insect tissue culture it- was believed that the presence 
of one or more of these ttgrowth promoting factors 11 was 
essential before insect cells in vitro would proliferate 
(Grace, 1954). Some support for this view was provided 
by Schmidt and Williams (1953) when they snowed tnat the 
development or Cecropia spermatocytes in vitro was directly 
related to the concentration of the prothoracic gland 
hormone in the blood present in the medium . Grace (195ba) 
also stuaiea the eff ect of adding extrac ts of endocrine 
-
organs, on cell growth. A hormone extract made from the 
ring glanas of last-stage lar ae of Lucilia cuprina 
(Wiedeman) and pro-cnoracic glands of last-stage nymphs of 
tne American cockroach (~eriplaneta americana L. ) in 
Wyatt•s medium very markealy increasea Lile mitotic activity 
of ce~ls rrom -he ovaries of sil.KvJorms . A similar 
stimulation resulLea wnen an ext rac t maae rom ovaries of 
rifth-instar silkworm larvae was added to Lile meaium . In 
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spite of tnese results, however, more recent stuai es 
(Grace, 195bb , c; Jones and Cunningham, 1960) have tended 
towards the view tha"'G insect cells growing in vitro are 
independent of hormones just as vertebrate tissues in vitro 
are . 
INSECT CELL CUL11UHE MEDIA 
The only medium that has been provea to be capable of 
maintaining insect cells in a state of growth for years 
is that formulated by Wyatt (195b) and modified by Grace 
(195'8a and unpublished observations) . However, the 
necessity to add insect hemolymph is a major drawbacK to 
the widespread use of insect cells grown in vitro . In 
Chapter 2 of this thesis experiments are described which 
have as their ultimate aim the elucidation of all the 
factors in tne nemolymph and the medium that are essential 
for the growth or insect cells in vitro. This information 
will be used in an attempt to f ormulate a completely 
synthetic medium . 
Jones and Cunningham (1961) and Trager (1959) used 
lactalbumin hydrolysate and a hydrolysate of yeast 
(T . C. yeastolate) instead of single amino acids and 
vitamins for the short term growth of insect cells in 
culture . If adequate media incorporating these substances 
can be made , which will support cells for long periods 
in vitro , they would be useful for the routine maintenance 
of cells in vitro. For many purposes however, it is 
more desirable to use a medium which, if not completely 
synthetic is at least partly so. As the most important 
factor in insect culture media is the hemolymph, it would 
be much more worthwhile to find a substitute for it than 
to find a substitute for that part of the medium the 
components of which are already known. 
THE TISSUES. 
Although the design of a medium in which insect cells 
would grow indefinitely has been the most formidable 
problem, there have been a number of other problems which 
contributed to the slow progress in this field. The small 
size of insects (especially insect embryos) is one factor. 
Insects do not have stratified epithelia and apparently 
compact organs like the fat body generally result from 
repeated folding of a single layer of cells. It was often 
difficult therefore, to obtain a mass of tissue large 
enough to culture. Undoubtedly, in -some cases, this has 
been a cause of failure in establishing primary cultures. 
This may explain why the most success in the early studies 
was obtained, in almost every instance, in hanging drop 
cultures, where, compared to other methods the density of 
the cell population is high. 
Attempts to increase the number of cells available for 
culturing by dissociating the tissues were at first 
unsuccessful. Martignoni, Zitcer and Wagner (1958) used 
an extract rich in hydrolytic enzymes prepared from the 
hepato-pancreas and the crop of the common snail Helix 
aspersa to dissociate the cells from the integument of the 
thoracic segments of the cutworm Peridroma margaritosa 
(Haworth) . From three thoracic segments of a full grown 
larva they obtained only 160,000 cells. 
Grace (unpublished observations) used the enzymes 
-
hyaluronidase, papain, pancreatin, trypsin and lysozyme 
and versene but was unable to dissociate the tissues. In 
these studies the enzymes were used at the pH of the insect 
medium (pH . 6. 5) and a temperature of 25°c. Later the 
problem was reinvestigated and successful dissociation 
was achieved by incubating the tissues for 15 minutes at 
37°C in 0 . 25% trypsin in Puck's Saline A which has a pH 
of 7.6. 
One of the most puzzling features of insect tissue 
culture is the fact that until recently the only tissue which 
has been grown for any length of time is the ovary from 
moths . The origin of the cells in the recently established 
cultures of mosquito tissue is not known. It is unlikely 
that they would be from the ovary as these are very small 
in the larvae . It is more probable that they originated 
from either the gut or from the imaginal discs. 
Many workers have cultured spermatocytes and have kept 
them surviving long enough for maturation to take place. 
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(See reviews by Day and Grace, 1959; Jones, 1961 ). 
Cultures of spermatocytes however, cannot be regarded as 
true cell cultures, and have played little part in 
elucidating the problems of culturing cells. 
Other tissues which have been cultured but which have 
showed no growth or cell migration are muscle , nerve 
tissue, gut, fat body, hypodermis, and heart tissue. 
Attempts have been made to culture embryonic tissues 
but with little success (Grace, 1954, 195~a; Takami, 1958, 
1959). The embryo should be an ideal organism from which 
to obtain tissue for culturing. It is not only in a state 
of active growth, but all the factors necessary for growth 
must be present within it or in the yolk. Since the tissues 
taken from embryos of vertebrates grow well in culture, 
it is surprising that more success has not been obtained 
with insect embryos. 
Hemocytes would also seem to be suitable cells to 
culture. Grace (1954) found that the blood cells of the 
-
silkworm larva formed a syncytium within 20 hours and 
survived for six days. Schmidt and Williams (1953), 
reported that hemocytes of cecropia larvae flattened, formed 
syncytial tissue and survived unchanged in hanging drop 
cultures of blood of diapausing pupae for more than 30 days. 
However, in hanging drop cultures of blood from developing 
adults the syncytia developed after 5-6 days and a few 
mitoses were observed after 2 weeks. Martignoni and 
... 
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Scallion (1961) cultured hemocytes from the cutworm 
(Peridroma margaritosa), and observed the formation of a 
monolayer (syncytium) of cells which survived for several 
days but without growth. Horikawa am. Kuroda (1960) 
cultured the hemocytes of Drosophila in a synthetic medium 
which contained salts, amino acids, sugars, vitamins and 
cholesterol but no hemolymph. Blood cells survived and 
underwent divisions for up to 75 days in this medium. 
Many attempts have bee-n made to culture tisrues from 
flies and mosquitoes, especially Drosophila and Aedes 
aegypti, because of their importance in genetics and virus 
transmission respectively, but little success has been 
achieved. In some instances (Frew, 1928; Demal, 1956) 
imaginal discs partially developed but these did not 
survive for more than several days and no cell growth 
occurred. Ball (1956) obtained prolonged contractions of 
the mosquito gut in vitro and was able to observe the 
partial development of oocysts of the malarial parasite 
Plasmodium relictum. 
The successful establishment of primary cultures of 
mosquito cells (Chapter 4) has given encouragement to 
attempts to culture tissues from dipterous insects. From 
experiments described in Chapter 4 it is obvious that 
there are no inherent reasons why the tissues from these 
insects will not grow. 
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THE ORIGI OF THE CUL1'UHELJ CELLS . 
There is still some uncertainty as to the nature of 
the cells which grow from the ovarian tissue. It was 
suggested by Trager (1935) that the cells originated rrom 
the lining sheath of the ovarioles. Grace (1958a) showed 
that ir' the ovariole sheaths were removed and cultured 
separately from the rest 01 the ovarioles, cell migration 
and growth occurred only in the cultures containing the 
sheaths. Jones and Cunningham (1960) consider that in 
their cultures of ovarian tissue from pupae of the silkworm 
(Philosamia advena) at least two types of cells grow. 
One type is derived from the lining sheath and the other 
from the intermediate layer. (See Text Fig . 1, Chapter 3.) 
On the basis or the morphology of insect cells grown 
in vitro, it was suggested by Wigglesworth (1959) and 
Martignoni and Scallion (1961) that the cells which grow 
in culture are blood cells. This view may be valid as the 
origin of the lining sheath cells is not known although it 
has been suggested that they originate from sedentary 
hemocytes that have formed a syncytium. Schneider (1 915) 
concludea from a study o he his ology of tne evelopme1 t al 
stages o '' the silkworm ovary that the cells of the 
intermediate layer were f ol~icle cells whicn naa oecome 
separated from Lhe original mass of tnese cel~s , Lhe 
remainaer forming Lhe inner follicle cell layer, but 
tnis is unliKely. 
The only possible solution to this problem is to 
clone the several types of cells as the primary 
cultures are set up . 
TIME-LAPSE CIJ:-EiVJ.ATOGhAPHY OF 1.1HE CELLS . 
During the course of the studies on the growth of the 
cytoplasmic polyhedra in the cells, several attemps 
were made to follow the development of the polyhedra in 
the cells by time - lapse cinematography . 
-
Although some good sequences of the movements of 
the cells were obtained, no sequential development of 
the polyhedra was observed . Dr . C . M. Pomerat of the 
Pasadena Foundation for Medical Research, who has had a 
great deal or experience in using this technique very 
kindly offerea to obtain sequences of the development of 
polyneara . two cultures, one containing cel~s infected 
witn'cy-Loplasmic polyheura and tue other containlng 
uninfected cells were sent to him in Los Angeles. Some 
very fine sequences of the behaviour of the normal cells, 
but very few worthwhile sequences of polyhedral develop-
ment were obtained . 
From the time-lapse sequence it is obvious that the 
cultures contain at least three types of cells, all of 
which show amoeboid movement . The cells also actively 
carry out pinocytosis or "cell drinking". Food vacuoles 
can be seen being drawn in from the margin of the cell 
J 
through the cytoplasm and coming to lie around the 
nucleus, where a number of vacuoles may coalesce to form 
one large vacuole. 
Many cells were observed to undergo mitosis and cell 
division . The time from early prophase to complete cell 
division was calculated to be 2 hours. 
From these sequences it is obvious that this technique 
could be very useful in many studies where it is necessary 
to follow a sequence of e~ents for a long period or to 
observe the behaviour of cells under various conditions. 
he estab~ishment of the four strains f ollowed the 
course frequently observed in vertebrate tissue culture, 
where it is common for freshly explanted tissues or cell s 
to undergo a period of growth followed by a period in 
which cell growth slows down or may stop altogether. Thi s 
period may then be followed by a sudden renewal of growth, 
and in many instances the cells continue to proliferate for 
years . 
The successful establishment of -strains of insect cells 
that can be propagated by serial subculture can be 
attributed to: 
1) the design of a medium which in its general physical 
and chemical properties simulated insect hemolymph ; 
and 
2) the realization that when cells are placed in a cul-
ture flask there is a period during which they 
undergo a change (transformation) and become 
adapted to their new environment. In insect cells 
this period of 1 transformation 1 usually takes at 
least 3 months and may be delayed for over a year. 
There is little doubt that strains of insect cells 
would have been established much sooner if only 
the cultures had been kept instead of being 
discarded when they looked unhealthy and growth 
had more or less ceased. 
THE USE OF I SECT CELL CU11UHES IN ENTOMOLOGICAL 
RESEARCH . 
Besides the study of insect viruses in insect cells 
grown in vitro, which will be discussed in Chapter 7, there 
are many other fields of entomology in which the technique 
could be used to advantage. Although there is little point 
at present in enumerating a number of problems which could 
probably be studied using the technique, the results of 
some early studies in insect development pathology and 
biochemistry give an indication of the potential use of the 
insect tissue culture system. In many of these studies the 
media used were very simple and inadequate for ce ll growth 
and yet some important results were obtained. Many details 
of gametogenesis were elucidated by Goldschmidt , 1917; 
Lewis and Robertson, 1916; Belar , 1929; and Carlson, 1956 
which have contributed considerably towards an understanding 
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of the mechanisms of mitosis and meiosis. Several 
authors (Frew, 1928; Stern, 1940; and Kuroda, 1954a, b) 
have attempted to study the development of imaginal discs 
in Diptera and have observed some differentiation. It is 
anticipated that with the use of time-lapse cinematography 
and efficient media much more information will be gained 
in this important field of insect morphogenesis. 
Perhaps the greatest use of the technique will be in 
the field of insect pathology . Weinman (1957) and Trager 
(1959), have cultivated trypanosomes in insect tissues in 
vitro and have observed some development, and Ball (1954) 
has claimed that the oocysts of Plasmodium have developed 
over a 4 - 5 day period in surviving mosquito tissues. 
Trager (1937) also obtained partial development from 
amebulae to planonts of the microsporidian Nosema bombyci~ 
Naegali in a silkworm tissue culture . If tissues from 
insects of medical importance can be grown the physiology 
and development of many of these organisms should be able 
to be studied much more efficiently in cells grown in vitro 
than by other means . 
C H A P T E R 
S E V E N 
GENERAL DISCUSSION - USE OF CULTURED 
CELLS IN THE STUDY OF INSECT VIRUSES . 
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INTRODUCTION . 
This chapter will be concerned with a discussion of 
the major problems confronting insect virologists today 
and an attempt will be made to show how the use of cell 
cultures might help in the study of some of the se problems. 
Viruses that cause disease in insects have been known 
for many years, but it is only during the past 15 years 
that they have been intensively studied. There have been 
three main lines of research in this period. The first 
has been concerned with discovering 1new 1 viruses and 
describing the pathology of the disease in the affected 
insects . These investigations have been very fruitful and 
hundreds of new viruses have been described; some of 
these have been found in orders of insects in which none 
had been described previously e . g . Neuroptera. Electron 
microscope studies have also led to the discovery of several 
viruses which do not produce polyhedra. These are comparable 
in many respects to the viruses of plants and animals . The 
second line of approach has concentrated upon an inve stiga-
tion of the physical and chemical properties of t he viruses 
and their morphology as revealed by the electron microscope. 
For many years the polyhedral inclusion bodies were thought 
to be the infectious a gent although Von Prowazek (1907) and 
later Paillot and Gratia (1939) observed particles within 
the polyhedra which they considered to be the infectious 
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viral agents . It was not until the advent of the electron 
microscope that Bergold (1947) was able to show conclusively 
that the polyhedra contained virus particles which could be 
isolated and identified as the infectious agent . In the 
ensuing years , due mainly to the studies of Bergold (1953, 
1958); Smith , and his coworkers (Smith, 1962) and Bird, a 
great deal has been learnt of the chemical composition and 
the ultra - structure of the polyhedral matrix and the virus 
particles (see Bergold, 1958 and Insect Pathology - an 
advanced treatise edited by Steinhaus, 1963) . The very 
interesting non- inclusion virus - Tipula iridescent virus 
(T . I . V. ) whi ch multiplies in the fat body of the crane fly 
Tipula paludosa Meigen, has also been the subject of much 
intensive study . Although it was first described only about 
8 years ago (Xero s , 1954; Smith, 1955) a great amount of 
work has been carried out on the morphology, ultrastructure 
and chemical composition of this virus (see Ch . 14, in 
Insect Pathology , 1963 and individual papers by Smith and 
Hills, 1959 , 1962 ; Smith, Hills and Rivers, 1961; and 
Williams and Smith, 1958) . 
The third line of research has been concerned with the 
method of replication of insect viruses within the infected 
cells . In this field progress has been very slow and 
disappointing , although this is perhaps the most interesting 
and important aspect of virology . With the bacteriophage 
and an ever increasing number of animal viruses knowledge of 
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the process of replication is advancing at an astonishing 
rate. Rapid progress is being made in the study of plant 
viruses although the difficulties of assay and the 
inability to infect cultured plant cells have forced atten-
tion more on to the biochemical aspects of virus growth. 
The slow rate of progress in the study of insect virus growth 
does not reflect a lack of interest but is due to the 
technical difficulties of studying virus development in 
whole larvae or pupae or from sections of infected tissues . 
In fact, insect virology, in many of its aspects is, 
at the present time, at about the same stage as was animal 
virology about 1948 when the main techniques of animal 
virologists involved the use of laboratory animals such as 
mice, rabbits, guinea pigs etc . The observations of Enders, 
Weller and Robbins in 1948 on the growth of poliomyelitis 
virus in cultures of non-neural tissue, were reported at 
about the same time when animal cell culture techniques had 
undergone some remarkable developments. It did not take 
long before animal virologists realised the great advantages 
of using cells grown in vitro for studying viruses and since 
that time animal virology has flourished . 
The implications and potential value of the tissue 
culture method for the study of insect viruses were 
realised very early. In 1917 only 2 years after Goldschmidt1s 
pioneer experiments in insect tissue culture, Glaser 
attempted to grow a polyhedral virus in cultures of insect 
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blood cells. No further attempts were made until 1935 
when Trager succeeded in growing polyhedra in silkworm 
ovarian cell cultures. More recent attempts to grow 
polyhedra in insect tissue cultures have been made by 
Grace (1958) who observed the development of nuclear poly-
hedra in cultures of ovarian tissues of the tussock moth 
Hemerocampa leucostigma; Aizawa and Vago (1959) and Vago 
and Chastang (1960) observed the development of nuclear 
polyhedra in fibroblasts from silkworm ovarian tissue. 
Martignoni and Scallion (1961a, b) maintained cultures of 
hemocytes of the variegated cutworm Peridroma saucia Hubner 
which developed polyhedra after being infected with virus. 
Over the past 25 years the majority of attempts to 
culture insect cells have been made for the primary purpose 
of using the cells to study the growth of insect viruses. 
Unfortunately, the difficulty and the lack of success in 
growing insect cells in vitro was so discouraging to many 
who tried that they turned to other techniques to study 
insect viruses. 
The subjects of major interest to insect virologists 
have been stated in the introduction to Chapter 1, and are: 
1) the elucidation of the stages in the growth and 
development of insect viruses; 
2) the study of latent viral infections in insects; 
and 
3) the investigation of those viruses which multiply in 
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insects and also in plants or animals. 
THE GROWTH AND DEVELOPMENT OF INSECT VIRUSES. 
In discussing the growth and development of insect 
viruses it will have to be emphasised at the outset 
that practically all the information available pertains 
to the nuclear polyhedroses. Smith has investigated the 
replication of tipula iridescent virus by electron 
microscopy but no coordinated sequence of the stages has 
been obtained. Almost nothing is known about the develop-
ment and growth of the cytoplasmic polyhedroses or 
granulo se s . 
Most of the information on virus development has been 
obtained from electron microscope observations of sections 
of infected tissues, although Aizawa (1953, 1959) has 
studied the multiplication of the nuclear polyhedrosis 
virus in silkworm larvae by quantitative estimations of 
virus infectivity after infection. 
From the electron microscope observations of Bergold 
(1950, 1952, 1953a, b, 1958); Bird, (1957, 1959); 
Hughes, (1953); Smith and Xeros , (1953); and Day, et al 
(1958) the following sequence of stages in the development 
and multiplication of the nuclear polyhedrosis viruses 
has been proposed:- After the virus rods enter a 
susceptible nucleus they become attached to the chromatin 
network. Electron microscope studies of Bergold (1950 ., 
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1953a, b) and Bird, (1957) suggest that at this stage 
the virus rods break up into 'subunits'. Bergold (1962) 
suggests that each virus rod breaks up into 6-~ subunits. 
The chromatin mass is then converted into •spherical virus 
particles• . These particles then become enclosed within 
developmental membranes . The spheres within the membranes 
elongate to kidney-shaped forms arrl then to V-shaped forms 
and finally change to straight rods. During this process 
. 
a second membrane (the intimate membrane) invests each 
rod . In some viruses only a single rod is present in the 
developmental membrane, e.g.~. mori nuclear polyhedra, 
while in others one developmental membrane may contain 
several rods (the nuclear polyhedrosis of Pterolocera 
amplicornis) . The virus rods, enclosed in their membranes, 
then break away from the chromatin mass and are surrounded 
by protein which crystallizes to form polyhedral inclusion 
bodies . 
All virus particles within polyhedra are enclosed by 
-
membranes; free rods or empty membranes are never occluded. 
The infectious virus particle consists of the virus rod 
plus its intimate and developmental membranes. 
Subsequent cycles of multiplication in the chromatin 
mass may occur either before the rods are enclosed within 
their membranes (Day, et al, 195~) or after. In the 
latter case, which is proposed by Bergold and Bird, the 
virus rods escape from their developmental membranes and 
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become attached to the chromatin mass where they release 
the 1 subunits 1 and repeat the cycle of multiplication. 
Alternatively the free virus rods may attach to the 
nuclear membrane, and release their subunits which then 
penetrate and pass out through the nuclear membrane 
and infect adjacent cells . The cycle of multiplication 
within the nucleus continues until all the virus is 
occluded in the polyhedra or until all the chromatin is 
used up . It has been observed many times that the amount 
oi' chromatin decreases as -the number of virus particles 
increase . 
In · the outline given above it is obvious that the 
proposed sequence of stages in the multiplication and 
development of the nuclear polyhed:r:osis viruses is far 
from satisfactory and in several points cannot be 
reconciled with what is known of the growth and develop-
ment of bacteriophage, plant and animal viruses. 
The main points of criticism are:-
1) The suggestion that the infectious units are segments 
(subunits) of the virus particles. The evidence 
given for this is the presence of spherical-shaped 
particles emerging from t he intimate membranes after 
alkali treatment of free virus particles. In 
order to obtain the segmentation of the virus 
particles, the concentration of alkali has to be 
much higher than is necessary to dissolve either 
158. 
the polyhedral protein or the outer developmental 
membranes (Bergold, 1958) . It is significant that 
the segmented structure of the virus particles has 
never been observed in electron micrographs of 
sectioned polyhedra, but only in alkali - treated 
free virus particles. Bergold (1963 in Insect 
Pathology) states that the inability to observe the 
segmented structure of the virus rods is ttnot due 
to a lack of resolution, because the resolution of 
the electron micrographs of sectioned virus 
particles within polyhedra is well below 10A. 
Therefore subunits would show very clearly.a 
2) That the virus particles are formed from the 'chroma-
tin mass 1 of the infected cell. Smith and Xeros 
(1 953) refer to the virus rods ttmetamorphosingu 
f rom the chromatin mass and Bird (1957) states 
that "the chromatin is converted into virus 
particlest. Xeros (1955) however, after studying 
the development of nuclear polyhedrosis viruses 
from several species of insects by electron micros-
copy, concluded that the virus producing chromatin 
was formed de novo in the nuclear sap . He called 
the chromatin mass the nvirogenic stromata' 
(Xeros , 1956). 
3) Very little attempt has be en made, in proposing the 
cycle of development to correlate the information 
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gained about insect viruses with what is known 
about the development of viruses in other fields 
of virology . There is little reason to believe 
that insect viruses would be vastly different in 
their mode of development from the bacteriophage, 
animal or plant viruses . 
From the results of numerous investigations on the 
development of viruses , especially tobacco mosaic virus 
and bacteriophage it is known that the entire length of 
the nucleic acid of the virus is necessary for the 
production of normal infectious virus . It is hard to 
imagine that a sixth or less of the virus particle is able 
to carry all the information necessary for ttB infected 
cell to produce complete infectious polyhedra. If it is 
true then each •subunit' is in fact a virus particle. 
The sugge stion that the virus particles are formed 
from the chromatin material of the cell cannot be correct 
if the development of insect viruses is in any way similar 
to the development of other viruses~ There is no doubt, 
however from studies of electron micrographs, that the virus 
particles aggregate around the chromatin and that as virus 
multiplication and polyhedral development progress , the 
amount of chromatin decreases . What the actual process of 
virus multiplication is will have to await a great deal of 
further study . 
The proposed sequence of development of insect viruses 
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outlined above has served one very useful purpose in 
that it shows very clearly the state of our ignorance in 
this field . The investigations have been complicated by: 
a) the difficulty of infecting insects with quantita-
tive doses of virus . The usual routes of infection 
are by injec ting virus into the body cavity or by 
feeding it to the insects. Neither of these 
procedures are very satisfactory especially for 
quantitative studies . 
b) the asynchrony of infection of the cells; 
c ) the overlapping of stages in the development cycle 
in single nuclei . In many of the electron micro-
graphs all the stages from free virus particles 
aggregated around the chromatin to incipient poly-
hedral formation can be seen in a section of a 
nucleus ; and 
d) the lack of adequate assay methods for titrating 
the virus . 
Although some of these difficulties will also be 
encountered in studying virus development in tis sue 
culture , the application of time-lapse cinematography, 
fluorescent antibody staining, the use of single cells 
and the development of quantitative assay methods such as 
have been used in vertebrate tis sue culture, will allow 
much more precise studies to be made . 
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Because it is now possible to grow a cytoplasmic 
virus in cultured cells (Chapter 5 of this thesis) it 
will also be possible to make a comparative study of a 
nuclear polyhedrosis and a cytoplasmic polyhedrosis. 
LATENT VIRUS INFECTIONS IN INSECTS. 
In this section the use of cell cultures for the 
study of the phenomenom of latency and induction of 
-
virus diseases in insects will be discussed. 
A latent virus infection is one where the infectious 
particles cannot be ascertained and in which the state of 
the virus is not known (Aruga, in Insect Pathology, 1963). 
The term 11 occultn virus has been proposed for such 
infectious particles by the Symposium on Latency and 
Masking in Viral and Rickettsial Infections (1957). 
The problem of latency is of great interest and 
importance to insect virologists. Latent virus infections 
are frequently encountered in insects. Quite often stocks 
of insects that have been bred for -generations under care-
fully controlled laboratory conditions will suddenly 
develop a virus disease. In many instances in which the 
possibility of infection from outside sources can be 
ruled out, the only explanation is that the insects 
carried a virus in an "occulttt form and under the stimulus 
of some tstress• factors, the virus became virulent. 
The three types of inclusion body viruses - the 
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nuclear and cytoplasmic polyhedroses and the granuloses 
have all been induced in insects. Most of the work on 
the induction of latent virus infections in insects refers 
to the granuloses and nuclear polyhedroses, but there is 
also an extensive literature on the induction of cyto-
plasmic polyhedroses. 
All the work on the induction of insect viruses, 
with the exception of two papers by Grace (195b, 1962 
(Chapter 5 of this thesis)) have used whole insects . 
The literature on this subject has been in a very 
confused state for many years. Recently Aruga has 
achieved some order out of chaos in a chapter on 
induction of virus infections in a recent book on insect 
pathology (Ch . 15 in Insect Pathology ed. Steinhaus, 1963). 
The state or the nature of occult viruses in cells of 
organs and tissues of insects has not been determined. 
There is no knowledge of where the latent form of the virus 
exists or of how the 11occult 1 virus is provoked into 
virulence by inducing factors . 
The appearance in continuously cultured animal cells 
of viruses whose existence was not previously known and 
for which diseases have not been found in animals, has 
been one of the most int eresting findings in animal virology 
in recent years . Also many continuously cultured animal 
cell lines sooner or later develop characteristics 
suggestive of malignant change and there is growing 
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evidence that in some instances these changes may be 
due to viruses propagated within the cells. The results 
of these findings have extremely important implications 
in the production of vaccines for immunization programmes 
in humans . Therefore any information that can be gained 
about the nature and the process of induction of latent 
virus infections whether it be in animal or insect cells 
could be of great importance. 
Many factors have been found to induce latent virus 
infections in insects but many of them such as density 
of population, humidity, quantity of food etc. will not 
have any application to the study of latency and induction 
in cell culture systems and will not be discussed. 
The most important factors (called nstressorsn by 
Steinhaus, 195e) that have been found to cause or contrib-
ute to the induction of latent virus infections in 
insects are: 
1) physical agents such as excessive cold, excessive 
heat, ultraviolet radiation and x-rays; 
2) chemical agents; 
3) infection with insect viruses from other host species 
and 
4) superinfection with the species - specific virus . 
PHYSICAL AGENTS . 
Of the physical agents the most effective for 
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induction is exposure to cold. Both a cytoplasmic and a 
nuclear polyhedrosis have been induced by exposing 
silkworms to 5°c for 24 hours . (Aruga, 1957; Kurisu , 
1955). However the rate of induction of the polyhedrosis 
by cold treatment depends on several factors such as 
developmental stage of the larvae and the quality of the 
food (Aruga and Watanabe , 1959, 1961). Latent infections 
have also been induced in many other species of cater-
pillars by exposure to temperatures ranging from -2°C for 
5 minutes to 5°c for 1 to 2 days. 
Exposure to high temperatures to induce infection has 
not been very successful (Bergold, 195b) . 
Neither ultraviolet light nor X-rays appear to be 
effective inducing agents, (Steinhaus and Dineen, 1960; 
Aruga and Yoshitaki, 1961). However the percentage of 
nuclear and cytoplasmic polyhedroses in silkworm larvae 
exposed to both X-rays and cold treatment was higher than 
larvae which received low temperature alone (Aruga and 
Yo shit aki , 1 961 ) • 
All these factors can be tested for inducing ability 
in cultures of insect cells. Preliminary experiments on 
the effect of ultraviolet irradiation have been carried 
out. The U.V. light was placed 60 ems. f rom the cells. 
Cells in ring cultures Cc. 5000/ring) were exposed to the 
irradiation !'or 7, 10, 20, 40, ()0 , 1b0 and 320 secs . 
After exposure the cells were washed once in complete 
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insect tissue culture medium, before fresh medium was 
added. 1 he cells exposed for 160 and 320 secs . were 
killed within 4e hours. The cells exposed for the other 
times were not affected by the irradiation but neither 
were polyhedra over a period of 25 days (Grace, 
unpublished observations). 
CHE v1ICAL AGENTS. 
Yamafuji and his colleagues have for many years 
carried out numerous experiments on the induction of 
latent infections by the use of chemicals (for a complete 
' 
list of Yamafuji 1 s papers see Bergold, 1958). These 
workers claim they have induced virus diseases in silk-
worms by administering hydroxylamine, potassium nitrite, 
barium hydroxide, formaldehyde, hydrogen peroxide and a 
host of other chemicals. Many of these experiments have 
been repeated by other investigators (Bergold, 1954; 
Krieg, 1955; Bird, 1955) and in the majority of cases no 
virus disease has been induced. Chemicals such as sodium 
cyanide, sodium flouride, sodium azide and ethylenediamine 
tetraacetic acid (EDTA) have been found to be effective 
for the induction of a cytoplasmic polyhedrosis in the 
silkworm (Aruga and Hukuhara, 1960). Again, the use of 
cells grown in vitro to test the ability of chemical 
agents to induce latent infections would be a much 
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simpler and more easily controlled system than working 
with insect populations. 
In a series of experiments designed primarily to 
study the effect of various concentrations of Eagle's 
medium on the growth of ovarian cells from the tussock 
moth (Hemerocampa leucostigma) polyhedra appeared in the 
nuclei of some cultures after a rather drastic change 
was made in the media used . No virus became manifest in 
cultures which did not experience the medium change. It 
was proposed that the tus sock moth cells carried a latent 
nuclear polyhedrosis and that this was stimulated to 
manifest itself by the 'physioiogical shock'~ brought 
about by a change in the medium (Grace , 1958) . 
INFECTION WITH INSECT VIRUSES FROM OTHER HOST SPECIES . 
Chapter 5 of this thesis describes the first occasion 
in which a latent insect virus infection has been induced 
in cells grown in vitro . Smith and Xeros (1 953 ) and 
Smith (in Insect Pathology ed . Steinhaus, 1963) have 
reported the induction of a cytoplasmic polyhedroses in 
several species of caterpillar by feeding them nuclear 
polyhedra . It is interesting that they have not been 
able to induce a nuclear polyhedrosis by feeding 
cytoplasmic polyhedra . 
The results obtained in the induction of a cytoplasmic 
polyhedrosis in cultured cells of!• eucalypti after the 
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addition of polyhedra and I infected11 medium from silk-
worm cultures are encouraging and much more work using 
this system is contemplated . 
SUPERINFECTION WITH THE SPECIES SPECIFIC VIRUS . 
As induction may be due to a number of factors it 
could be assumed that a superinfection, i.e. an 
artificial increase of virus concentration, with a host 
specific virus, could be effective . There is very little 
information available on this subject . It is general 
experience however, that contaminated insects brought 
in from the field , or from laboratory stocks, often show 
higher mortality rates when infected, than infected, 
uncontaminated controls (Bergold, 1958). 
One of the major difficulties which will have to be 
resolved in working with latent virus infections in cell 
cultures will be to determine whether virus which is 
added is actually causing an infection or is inducing a 
latent infection. 
THE USE OF CELL CULTURES TO STUDY LATENT VIRUS 
INFECTIONS. 
The use of cells grown in vitro have a number of 
advantages over the use of populations of insects, to 
study latency and virus induction: 
1) It is common experience among entomologists that it 
is only necessary to breed a given species of 
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caterpillar in the laboratory for a certain time 
after which a virus disease frequently develops. 
For many of the experiments on latency, primary 
cultures of insect cells would be adequate. As 
these can now be set up with little difficulty, 
cells from several species of caterpillar can be 
studied concurrently to determine whether they 
carry "occultn virus and to study methods of 
inducing latent infections. 
2) The ever present risk of infection from outside 
sources can be virtually eliminated by using cell 
cultures. In many cases in the early work there 
is little doubt that outside infections were 
responsible for the outbreak of disease rather 
than the induction of a latent infection. 
3) Under culture conditions the environment can be 
controlled rigidly. This is important when 
stressors such as temperature are being examined. 
4) Experiments in which U.V. or-X-irradiation is used 
to induce disease in whole insects are very hard 
to control as the amount of ir r adiation received 
by individual insects will vary considerably and 
it is probable that the cells containing noccultn 
virus are not irradiated at all. In cell cultures 
both these difficulties are averted. 
5) Many techniques which will be of value in studying 
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this phenomenom, such as serological methods, 
fluorescent antibody staining, time-lapse 
cinematography cannot be used with live insects 
but can be used with cell cultures. 
At the moment there is no satisfactory explanation or even 
hypothesis for the induction of insect virus infections 
but with the recent developments in insect cell culture 
the situation is encouraging and many interesting and 
important experiments should now be feasible. 
VIRUSES WHICH MULTIPLY IN INSECTS AND ALSO IN 
ANIMALS OR PLANTS . 
Maramorosch (1955) suggested that the viruses which 
multiply in plants and in insects may have originated 
as viruses of insects, originally harmful to their insect 
hosts, but later some lost their insect pathogenicity and 
have become adapted to plant hosts . This hypothesis 
could equally as well apply to the viruses which multiply 
in both insects and animals. 
Although the insect borne plant and animal viruses 
have been studied intensively for many years and a great 
deal is known of the pathology .and epidemiology in 
relation to the animal or plant hosts very little is 
known about the virus during its stages in the insect 
vector . 
The reasons for the concentration on the study of 
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these viruses in animals and plants is obvious and yet 
perhaps the most interesting features of these viruses 
may lie in their relationship to their insect vectors. 
There are a number of reasons why these viruses have 
not been studied more in their insect vectors but the 
main ones are: 
1) The small size of many of the vectors has 
discouraged their study. 
2) The fact that no · cytopathological changes in the 
tissues could be observed made any investigations 
as to the site of multiplication very difficult. 
Nagaraj, Sinha and Black (1 951 ) used the 
fluorescent antibody technique in an effort to 
determine in which tissues the wound tumor virus 
multiplied but the site of multiplication has not 
bemfound although it is speculated that it could 
be the fat body . 
3) As many of the arboviruses can be grown to high 
titres very easily in cultures of chick or animal 
cells, efforts were not made to study t hem in 
insects. 
A most interesting feature of these viruses is that 
they do not, in the vast majority of cases, appear to 
cause any pathological symptoms in the insect vector and 
yet many of them are extremely pathogenic to animals or 
plants . Consequently, the tissues in which the viruses 
I, 
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multiply and the cycle of development in the insect 
are not known for any of these diseases except one. 
Recently Day and Mims (1963) reported a cytopathogenic 
effort of Semliki forest virus on the salivary gland 
tissues of a mosquito . This is the first valid 
observation of an arbovirus causing a pathogenic effect 
on its insect vector . In 1956 Littau and Maramorosch 
described changes in the fat body tissues of Macrosteles 
fascifrons (Stal) (the a~ter leafhopper) that were 
infected with aster yello~s virus . This work was 
repeated by Day (personal communication) but the results 
of Littau and Maramorosch could not be confirmed . 
Maramorosch (1956) attempted to prove conclusively 
that the aster yellows virus could multiply in its vector -
the aster leafhopper (Macrosteles fascifrons Stal.) . 
Infected leafhoppers were cut into small pieces and 
cultured in hanging drops for ten days. The surviving 
tissues were then finely ground and after centrifugation 
the supernatant, containing virus, · was injected into virus 
free leafhoppers which were allowed to feed on virus free 
plants . The results were interpreted as showing 
multiplication of virus in the surviving tissues but tnis 
conclusion was not justified. 
This is the only study that has been made of the 
multiplication of a plant virus in insect tissue culture . 
In 1938 Trager studied the multiplication of the 
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virus of the Western strain of equine encephalomyelitis 
in surviving tissues of the mosquito Aedes aegypti. 
The virus which was added to the cultures was obtained 
from infected mice. At the end of 28 days the virus 
titred 100,000 times higher than the original inoculum, 
and on passage through mice and guinea pigs produced the 
typical disease. Although virus was found in all the 
tissues cultured it was not possible to say with any 
certainty in what tissue the virus multiplied. 
No other attempts have been made to study the 
multiplication of animal viruses in insect tissue culture. 
Following the successful culture of mosquito (Aedes 
aegypti) cells (Chapter 4 of this thesis) an investigation 
will soon be commenced into the development and 
multiplication of arboviruses in insect cells. 
A P P E N D I X . 
I, 
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THE SOLVENTS AND REAGENTS USED IN THE 
CHROMATOGRAPHY STUDIES . 
a ) For the separation of the amino acias a phenol 
buffer solu~ion at pH lu was used . The 
pnenol ouffer consistea of: 
(i) Phenol (A .H. grade) 74fi (W/ ) . 
(ii) the buffer , (pH 10), consi stea of: 
0.053M boric acid 
0 . 053M KCl 
0.047 NaOH . 
The reagent for the location of the amino 
acids was o. 5p ninhydrin in ethanol and 2~ 
acetic acid . 
b ) For the separation of Gne sugars tne solvent 
used was butanol: acetic acia:water (4-: ·1: ~) . 
The colour reagent was silver Dltrate which 
consiSGeG of: 
(i) a saturated silver nitrate solution 
in water 0 .1 volume . 
(ii) 0. 5% sodium hydroxide in ethanol . 
(iii) acetone 20 volumes . 
Whatman filter paper No . 1 was usea f or the 
chromatography or both tne amino acias and 
sugars . 
', I 
I· 
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STERILiiATION OF THE MOSQUITO EGGS AND THE METHOD 
OF GROWING STERILE LARVAE . 
STERILI~ATION OF THE EGGS . 
1 ) The eggs , which are laid on filter paper are placed 
in water for 5 minutes. They are then removed 
from the filter paper by gentle scraping. 
2) Transfer the eggs onto filter paper in a Buchner 
funnel. 
3) Wash for 2 minutes with 3% aqueous lysol (cresylic 
acid) to sterilize. 
4) Wash the sterilized eggs ~~th sterile water for 
j minutes (about 50 ml . of water) . 
CULTURE OF STERILE LARVAE . 
1) The sterilized eggs are placed in a tube contain-
ing oxygen-free sterile water . This stimulates 
the eggs to hatch in JO sec-0nd s-2 minu~es. 
2) The newly hatched larvae are then transferred to 
5 ml . sterile growth medium formulated by Akov 
(1962). The life cycle or the steri~e larvae 
in this medium is J-o days rrom hatching to 
pupation. 
175. 
THE COMPOSITION OF THE MEDIUM USED FOR 
GROWING STERILE MOSQUITO LARVAE . 
KH2Po4 
ISHP04 
Feso4• 7H20 
MnS04 . 4H20 
NaCl 
CaC12 
MgS04 . 7H20 
Ribonucleic acid 
Cholesterol 
Pyridoxine HCl 
Riboflavin 
Thiamine HCl 
Ca Pantothenate 
Folic Acid 
Niacinamide 
Choline Chloride 
Biotin 
Casein 
mg/100 ml. 
60 
60 
1 .2 
1 .2 
1 .2 
1 .2 
20 
100 
0.6 
o.4 
0.2 
0.2 
1 • 0 
0.06 
1 .o 
1 o.o 
0.01 
50 mg/ 5 ml . of medium. 
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